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Abstract: Remote dielectric sensing (ReDS) is a non-invasive electromagnetic wave technology
which provides an accurate reading of lung fluid content, and it has been reported as a valid tool in
monitoring heart failure patients. Considering that morphological alterations in COVID-19 include
pulmonary edema, the purpose of the present study was to evaluate the reliability of ReDS technology
in assessing the excess of lung fluid status in COVID-19 pneumonia, as compared to CT scans. In this
pilot single center study, confirmed COVID-19 patients were enrolled on admission to an intermediate
care unit. Measurements with the ReDS system and CT scans were performed on admission and
at weeks 1 and 2. Eleven patients were recruited. The average change in ReDS was −3.1 ± 1.7
after one week (p = 0.001) and −4.6 ± 2.9 after two weeks (p = 0.006). A similar trend was seen
in total CT score (−3.3 ± 2.1, p = 0.001). The level of agreement between ReDS and CT changes
yielded a perfect result. Statistically significant changes were observed in lactate dehydrogenase,
lymphocytes, and c-reactive protein over 2 weeks. This pilot study shows that ReDS can track
changes in lung involvement according to the severity of COVID-19. Further studies to detect early
clinical deterioration are needed.

diagnostics11061003
Academic Editor:

Keywords: COVID-19 pneumonia; lung edema; fluid monitoring; computed tomography; remote
dielectric sensing

Georgina Tzanakaki
Received: 30 April 2021
Accepted: 27 May 2021
Published: 31 May 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses/by/
4.0/).

1. Introduction
In December of 2019, an outbreak of a novel coronavirus disease (COVID-19) occurred
in Wuhan, a city in the Chinese province of Hubei, and, thereafter, it dramatically spread
worldwide [1–6]. COVID-19 can present with a wide spectrum of clinical manifestations,
ranging from mild or no symptoms (80%) to severe pneumonia with acute respiratory
distress syndrome (ARDS) (20%) [2]. Pathological features include diffuse alveolar damage,
proteinaceous exudate, focal reactive hyperplasia of pneumocytes with patchy inflammatory cellular infiltration, and progressive extracellular lung water collection, leading to
pulmonary edema. Vascular changes like hyperplasia/dilatation of alveolar capillaries, new
angiogenesis, endothelialitis, and thrombotic microangiopathy are also described [7–12].
Chest computed tomography (CT) is crucial to assess the pattern as well as extent
of lung lesions, and the most common radiological pictures include pure “ground-glass”
opacities (GGO), GGO with reticular and/or interlobular septal thickening, GGO with
consolidations, crazy paving, and pure consolidations [13–15]. A bilateral lung involvement
with a peripheral subpleural distribution is present in the majority of cases [13]. Different
CT features are also associated with patient prognosis, with mixed patterns being more
common in severe cases with poor outcomes [13,16]. The thoracic ultrasound technique
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Figure 2. Operating instructions of the ReDS™ Pro System device.
Figure 2. Operating instructions of the ReDS™ Pro System device.
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values (pO2 /FiO2 )P/F), white blood cells count (WBC), lymphocytes count (Ly), d-dimer,
interleukin 6 (IL-6), C-reactive protein (CRP), lactate dehydrogenase (LDH), B-type natriuretic peptide (BNP), and need for oxygen support, including non-invasive mechanical
ventilation (nIMV). nIMV was indicated with SpO2 < 92% on oxygen therapy 15 L/min
Fi O2 50%, while mechanical ventilation (IMV) was indicated when respiratory rate was
above 25/min and/or signs of acute respiratory failure despite nIMV. The follow-up period
was the time from admission to the date of discharge or death. Main clinical outcomes
(death, discharge) were collected during the follow-up period.
All patients were measured with the ReDS system three times during their in-hospital
stay: on admission (t0), at 7 days (t1), and at 15 days (t2) later. Each measurement was
performed by trained operators (F.M. and A.D.M.B.) according to standard procedure.
2.3. Radiological Assessment
All patients underwent chest CT scans, combining high resolution (HRCT) and pulmonary angiogram protocol (CTPA), on admission and 2 weeks later. Each CT scan was
evaluated independently and by two pulmonologists with 10 and 12 years of experience in
order to define the main radiological pattern and total extent of parenchymal involvement.
Final decisions were reached by consensus. Each CT evaluation by reporting pulmonologists was blind to the ReDS data.
The prevalent morphological patterns at the CT scan were classified as follows:
0 = pure GGO; 1 = crazy paving; 2 = GGO with consolidations; 3 = consolidations;
4 = consolidations with interseptal thickening.
The extent of parenchymal involvement at CT was scored by visually evaluating the
percentage of lesions’ involvement at the lobar basis according to a 5-point categorical
scale, using the following scoring system: 0 = none (0%), 1 = minimal (1–25%), 2 = mild
(26–50%), 3 = moderate (51–75%), 4 = severe (76–100%). The total severity score (TSS) was
reached by summing the five lobe scores (range from 0 to 20); severe parenchymal lung
involvement was defined as a TSS value of 8 or more [29].
2.4. Statistical Analysis
The primary endpoint was the concordance between CT scores and ReDS values.
The secondary endpoint was the concordance between ReDS and laboratory results. The
parameters’ values and their differences were compared using descriptive statistics, t-test,
and correlation methods. Statistical significance was declared when the p-value was found
to be less than or equal to 0.05 (two sided). All statistical analyses were performed using
the SAS statistical software or equivalent statistical software.
3. Results
A total of eleven patients were included in the present study. Demographic and
clinical characteristics at baseline (i.e., in hospital admission) for all patients are summarized in Table 1. The median age of the study cohort was 63 ± 11 years, the majority of
patients were male (72.7%) and had never smoked (54.5%), and the median level of BMI
was 25.5 ± 3.7 kg/m2 . Comorbidities were present in more than two thirds of patients
(72.7%) and blood hypertension was the most prevalent condition, whereas none reported
a pre-existing cardiac disease. The mean value of P/F was 152.8 ± 70.1. All patients
received oxygen support and three of them required nIMV (27.7%). D-dimer, LDH, and
CRP were altered in most of the study cohort (599.3 ± 873.4 mg/dL, 321.45 ± 103.6 U/L,
4.7 ± 4.3 mg/dL mean values, respectively), while BNP was normal for all patients (average value: 72.5 ± 38.9 ng/mL).
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Table 1. Distribution of demographic and clinical characteristics at baseline (on hospital admission).
Total
Variables

n = 11

Gender, n (%)
Males
Females

8 (72.7)
3 (27.3)

Age, years (median ± SD)

63 ± 11

Smoke, n (%)
Never
Current/Former

6 (54.5)
5 (45.5)

BMI (median ± SD)

25.5 ± 3.7

Comorbidities, n (%)
Yes

8 (72.7)

No

3 (27.3)

ReDS (% fluid ± SD)

29.6 ± 7.6

P/F (mean ± SD)

152.8 ± 70.1

HRCT TSS, n (%)
mild (total score < 8)
severe (total score ≥ 8)

2 (8.2)
9 (81.8)

HRCT pattern, n (%)
pure GGO
crazy paving
GGO with consolidations
consolidations

1 (9.1)
2 (18.2)
4 (36.4)
4 (36.4)

consolidations + interseptal thickening

0

WBC, per mmc (mean ± SD)

5589.1 ± 2343.3

Lym, per mmc (mean ± SD)

1027.3 ± 396.4

D-dimer, mg/mL (mean ± SD)

599.3 ± 873.4

LDH, U/L (mean ± SD)

321.45 ± 103.6

CRP, mg/dL (mean ± SD)

4.7 ± 4.3

BNP, ng/mL (mean ± SD)

72.5 ± 38.9

Oxygen therapy, n (%)
No
Yes

0
11 (100)

nIMV, n (%)
No
Yes

8 (72.7)
3 (27.3)

Footnotes. BMI: body mass index; BNP: B-type natriuretic peptide; CRP: reactive C protein; GGO: ground glass
opacity; HRCT: high resolution computed tomography; LDH: lactate dehydrogenase; LYM: lymphocytes count;
nIMV: non-invasive mechanical ventilation; P/F: pO2 /FiO2 ; WBC: white blood cells count.

Chest CT scans revealed diffuse pulmonary alterations in all patients and most of
them (81.8%) presented with severe involvement (TSS ≥ 8), with a mean TSS at baseline of
10.1. Consolidations only (36.4%) and ground glass opacities plus consolidations (36.4%)
were the most prevalent morphological pattern, followed by crazy paving and pure GGO
(respectively, 18.2% and 9.1%). No further abnormalities were observed, except for a mild
unilateral pleural effusion in one patient.
The mean value of ReDS measurements at baseline was 29.6 ± 7.6%, without significant difference between left and right lung. ReDS measurements greater than the upper
limit of normal (i.e., ≥35%) in at least one lung were present in 5 patients (45%).
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Figure 3. Average change in ReDS measurements (A) and CT score (B) over time.
Figure 3. Average change in ReDS measurements (A) and CT score (B) over time.
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Figure 4. Changes in blood tests and clinical indicators over time.

Figure 4. Changes in blood tests and clinical indicators over time.
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Table 2. Average change in selected clinical and serological parameters over time.
Parameter

15-Day Change (∆)

p-Value

∆WBC
∆LYM
∆CRP

959 ± 3333.6
705.1 ± 597.5
−4.4 ± 4.2

0.39
0.005
0.009

∆LDH
∆IL-6

−106.4 ± 94.6
−9.7 ± 75.1

0.006
0.7

∆DD
∆HCO3
∆PaO2
∆PaCO2

−232.0 ± 793.9
−0.8 ± 3.2
21.7 ± 24.5
−1.9 ± 4.2

0.38
0.5
0.03
0.29

∆FiO2
∆P/F

−21.0 8 ± 19.6
222.8 ± 86.0

0.01
<0.001

CRP: reactive C protein; DD: d-dimer: IL-6: interleukin-6; LDH: lactate dehydrogenase; LYM: lymphocytes count;
WBC: white blood cells count; HCO3 : bicarbonate; PaO2 : partial pressure of oxygen; PaCO2 : partial pressure of
carbon dioxide; FiO2 : fraction of inspired oxygen; P/F: PaO2 /FiO2 ratio.

4. Discussion
The present study firstly describes a novel approach to assess and monitor lung fluid
excess in patients hospitalized for COVID-19 pneumonia using ReDS technology. Our
findings overall show a not negligible proportion of patients with fluid overload in at
least one lung, and a significant longitudinal change of ReDS readings over time, which
were strongly correlated with CT score and selected clinical features. Notably, ReDS
measurements corresponded to clinical evolution throughout hospitalization, supporting
the potential utility of ReDS in monitoring COVID-19 pneumonia.
Pulmonary fluid overload during COVID-19 pneumonia is thought to be the expression of lung edema due to hyper-inflammation, one of the leading pathological mechanisms
causing respiratory failure during the first “exudative phase” [7]. This is mainly characterized by desquamation of alveolar epithelial cells, alveolar-capillary barrier injury with red
blood cell extravasation, and intense inflammatory cells infiltration in the intra-alveolar
space and around small vessels. The subsequent proliferative phase is dominated by
fibroblast and myofibroblast proliferation, leading to acute fibrinous organizing pneumonia and parenchymal remodeling. It is worth underlining that these stages often occur
simultaneously [7,8].
The excellent correlation between ReDS readings and CT-measured lung water was
already established in previous studies. In particular, Amir et al. demonstrated a high
correlation between the ReDS system and CT results in patients with heart failure [25]
and they successively evaluated the role of longitudinal readings in order to reduce the
re-admission rate, providing encouraging results [24]. Lala et al. were also able to show a
reduction of re-admission rate by utilizing ReDS to manage heart failure patients during
post-discharge follow-up visits [30], and Bensimhon et al. showed that patients with
high ReDS reading at discharge are at a higher risk of being readmitted. Moreover, ReDS
measurements have been shown to rule out elevated pulmonary artery wedge pressure
(PAWP), as lung fluid content correlates well with PAWP with a high negative predictive
value [27].
A major advantage of the ReDS™ system is that it is safe, non-invasive, non-ionizing,
easy to use, and requires minimal patient collaboration. Moreover, it is available at the
bedside, leading to reducing the contagious risk for health-workers during patient transportation and the need to sanitize larger areas of equipment (just the probe instead of the
whole radiological suite). Italy was the first Western country to experience this unexpected
and devastating pandemic, with a multitude of infected patients admitted to emergency
departments over few weeks. This led to an urgent and profound re-organization of the
national healthcare system, including the widespread adoption of telemedicine and remote
counselling [31,32], as well as the creation of dedicated wards and alternative pathways
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for in-hospital patient transport. In this context, tools able to quantify and monitor the
evolution of pneumonia at bedside, avoiding repeated CT scans for longitudinal evaluations, are, indeed, extremely helpful. Compared to TUS, it offers the advantage of
providing information on fluid excess across the whole parenchyma and not only in the
subpleural areas.
Major strengths of this pilot study include the novelty of results, the prospective
nature of the study design that determined an accurate collection of data for each patient,
and the objective measurements of the main outcome.
The study has some limitations. First, the clinical study was strictly observational, by
study design, and therefore the role of the ReDS™ system in improving outcomes could
not be determined. Second, the choice of a cutoff point may be criticized due to a lack of
prospective validation. We chose to use this cutoff according to prior published works
suggesting that normal lung water content is 20–35%. However, the main purpose of this
pilot study was not to determine the proportion of COVID-19 patients with significant
fluid excess, but to assess role of this device as a monitoring tool, evaluating how ReDS
values (regardless of being above or below cut-off value) correlated to CT features and to
clinical evolution. A third limitation is the limited number of patients included.
5. Conclusions
To our knowledge, this is the first pilot study that aimed to measure lung fluid
overload in COVID-19 pneumonia with ReDS technology, suggest that ReDS technology
has potential for monitoring these patients at bedside and avoiding repeated CT scans for
longitudinal evaluations.
Larger, multicenter studies are needed to confirm these findings, to determine the
appropriate timing for longitudinal evaluation, and to explore the clinical impact of the
ReDS™ system on the management of patients hospitalized with COVID-19 pneumonia.
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