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Background and Objectives: Fluid monitoring is an important management strategy in 
patients with chronic kidney disease (CKD) and heart failure (HF). The µCor™ Heart Failure 
and Arrhythmia Management System uses a radiofrequency-based thoracic fluid index (TFI) 
to track pulmonary edema. During hemodialysis, the acute removal of fluid through ultra
filtration offers a model for measuring a patient’s fluid status. The objective of the study was 
to assess the relationship between the device measured TFI and ultrafiltration volume (UFV).
Design, Setting, Participants, and Measurements: Patients undergoing chronic dialy
sis with and without heart failure were enrolled in the study. The relationship between TFI 
and UFV in each individual subject was assessed by calculating the Pearson correlation 
coefficient (r). The average correlation across all subjects was calculated through the use of 
the Fisher’s z transform. Responder analysis was performed to assess the magnitude of 
change in TFI before and after dialysis.
Results: Twenty subjects were enrolled in the trial. The mean volume of fluid removal 
was 3.63 L (SD 0.88 L). The mean correlation based on Fisher’s transform was 0.95 CI 
(0.92–0.99). Responder analysis showed that the mean reduction of TFI after dialysis was 
5.5% ± 3.8.
Conclusion: The µCor system provides radiofrequency-based measurements of thoracic 
fluid which correlate well with total body fluid removal in a real-world setting. Fluid 
management based on the radar-derived TFI may provide benefits to dialysis patients and 
serves as a potential model for pulmonary edema common to the clinical course of heart 
failure.
Keywords: heart failure, total body fluid monitoring, dialysis, wearables, ultrafiltration

Introduction
Fluid monitoring is an important management strategy in patients with chronic 
kidney disease (CKD) and heart failure (HF).1,2 Assessment of fluid status changes 
in these patients is especially important when introducing therapies that target 
diuresis or fluid removal, and serial fluid measurements are often required to allow 
for non-invasive fluid monitoring to capture temporal trends. Symptomatic response 
to fluid removal in patients with both CKD and HF presents a unique classification 
challenge where fluid assessment before and after ultrafiltration (UFV) offers context 
to the underlying disease.3 Furthermore, measurement of lung fluid using radio
frequency (RF) measurements may serve as a viable option to remotely monitor 
patients with heart failure, and RF when delivered at the optimum frequency range 
offers fluid detection capabilities in the lungs.4 Detection of early fluid changes in 
CKD and HF patients may potentially assist with remote patient management.
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Wearable sensors are promising tools for fluid monitor
ing and have the potential to improve patient outcomes.5 

Recent studies of fluid monitoring in the clinical setting 
have involved point-of-care approaches such as lung ultra
sonography (LUS) or device measured bioimpedance to 
aid in the diagnosis and prognosis of fluid accumulation.6,7 

A wearable sensor capable of taking serial RF measure
ments would be a valuable tool for the clinician as fluid 
status could then be assessed through temporal trends in 
RF measurements.

Clinically, serial fluid status evaluation is most often 
required when rapid changes in fluid occur in settings such 
as hemodialysis, as well as in clinical settings such as 
heart failure where pulmonary edema worsens over time 
due to acute disease exacerbations. Fluid removal during 
hemodialysis offers a unique opportunity to assess acute 
fluid changes since a liter or more of fluid is removed over 
a short period of time. Furthermore, a previous study of 
75 hemodialysis patients demonstrated that 63% of the 
study’s subjects were shown to have moderate to severe 
lung congestion before UFV began.8

In this study, the performance of the µCor system, 
a non-invasive wearable monitor that assesses fluid change 
through RF measurements, was evaluated in the context of 
hemodialysis. The µCor system consists of a patch-based 
sensor and is designed to non-invasively record, store, and 
transmit physiological data to medical professionals. The 
µCor system records an RF-derived measurement termed 
thoracic fluid index (TFI), electrocardiogram, heart rate, 
respiration rate, activity, and posture. Measurements 
acquired by the µCor system are transmitted wirelessly 
to a remote server with dedicated software for processing.

The primary objective of the study was to assess the 
correlation of TFI measurements taken by the µCor system 
to fluid removal within dialysis patients. Our hypothesis 
was that the µCor system would accurately track total 
body fluid removal with RF measurements in dialysis 
subjects.

Materials and Methods
The study was designed as a prospective and non- 
significant risk study. Subjects were informed of the pur
pose of the trial, were required to provide signed informed 
consent prior to any study-related procedures, and were 
informed that the trial was conducted in accordance with 
the Declaration of Helsinki. The study was IRB approved 
(IntegReview). Subjects included in the study had to be at 
least 21 years of age, had to be scheduled to undergo 

hemodialysis 3 times a week, had to have had ongoing 
hemodialysis for at least 3 months, and had to have been 
prescribed a net fluid removal of at least 2.5 L. The trial 
protocol and summary results are available under 
NCT03072732 at ClinicalTrials.gov, and the authors have 
direct access to the primary data from the trial. Additional 
data requests will not be granted due to the proprietary 
nature of the study device. The amount of fluid removal on 
the day of each test was determined per standard of care. 
Subjects underwent one hemodialysis session at one of the 
three separate hemodialysis sites.

µCor System
The study device shown in Figure 1, commercially avail
able as the µCor™ Heart Failure and Arrhythmia 
Management System, is an adhesive wearable sensor that 
uses RF reflections to establish TFI. The device’s antenna 
emits RF signals which propagate through the lungs where 
signals are then reflected back to the device. Changes in 
radar wave signal path duration and strength indicate 
changes in fluid accumulation; the waves are highly modu
lated by tissue hydration. RF reflections are then used to 
calculate TFI, a relative index that is normalized to 
a baseline. Valid TFI measurements are distinguished 
from invalid TFI measurements through device thresholds 
including activity level measured through an acceler
ometer on the device sensor, RF signal quality, and sensor 
position. The accelerometer is set so that TFI measure
ments are not taken during a maximum threshold of activ
ity as well as within specific pitch and roll ranges. The TFI 
validity requirements ensure that readings are taken during 
consistent conditions. The µCor system’s intended use is 
in outpatient clinics and home settings.

Study Procedure
At the clinical baseline, the subject’s medical history, 
weight, blood pressure, and heart rate were recorded. 
Subjects were placed in the dialysis chair per standard of 
care throughout the duration of the study. To optimize 
measurements, subjects were instructed to maintain the 
same posture throughout fluid removal as much as 
possible.

RF readings were recorded during dialysis with the 
µCor device placed in the left midaxillary position. The 
µCor device was programmed to record measurements 
every 3 min (±1 min) during the hemodialysis session, 
including at least 15 min before the start of the hemodia
lysis session through at least 15 min after the end of the 
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hemodialysis session. During the course of the hemodia
lysis session, automated measurements of the UFV 
(in mL) were obtained from the dialysis machine every 6 
min (±1 min). These UFV measurements were time- 
synchronized with the TFI readings within 1.5 min.

After 15-min post-dialysis, the µCor device was 
removed and subject weight, blood pressure, and heart 
rate were recorded. The oral intake of any fluids or solids 
and the volume of intravenous (IV) fluids administered 
during the hemodialysis session were recorded. The 
volume of urine output during the hemodialysis session 
also was recorded. Adverse events were collected from the 
time of enrollment through the end of the study.

Data Analysis
Pearson’s correlation coefficients were calculated for UFV 
and TFI for each individual subject. To determine the 
average correlation across all subjects, a Fisher’s 
z transformation was used because previous studies have 
shown that a simple arithmetic average of correlations 
leads to an underestimation of the population mean and 
hence a biased statistic.9,10 This underestimation occurs 
because the sampling distribution for correlation 

coefficients is skewed. To account for this bias, a Fisher 
Transformation (Eqn. 1) was used.

z ¼ 0:5 log e
1þr
1� rð Þ (1) 

where z is the Fisher transformed value of each 
subject’s Pearson correlation coefficient, r.

An arithmetic average was performed on the z values 
before back-transforming the averaged �z value to give 
a mean value of r (Eqn. 2),

�r ¼
e2�z� 1

e2�zþ1 (2) 

Using this back-transformed value of �r, 95% confidence 
intervals were calculated using the variance (Eqn. 3) 
derived from the Taylor Series expansion and Delta 
method.

Var �rð Þ ¼
1
k2 ∑

i¼k

i¼1
ð1 � �rÞ

1
ni � 3

�
2 1 � r2� �

� 2 1þ rð Þ
2 1 � rð Þ

h i2

4 ni � 3ð Þ
2 (3) 

where k is the number of subjects, r is the Fisher back- 
transformed mean Pearson correlation coefficient (Eqn. 2), 

Figure 1 Illustration of the µCor device in the side location of a subject. The device emits radiofrequency signals which propagate through the lungs and are reflected back 
to the device. Changes in the reflected radar wave signal indicate changes in fluid accumulation.
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and ni is the number of paired data points (TFI and UFV) 
for each subject. Note, in order to calculate the variance, 
a minimum of four pairs of data points were required.

A responder analysis was performed to assess the 
variability of individual change in TFI by subject and to 
visualize absolute changes in TFI before and after dialysis 
by subject. The responder analysis calculated the percent 
reduction in TFI from baseline to completion of dialysis. 
A multivariate analysis was performed to determine 
whether BMI and NYHA class were significantly asso
ciated with a percent reduction in TFI before and after 
dialysis (R Core Team 2018). P values less than 0.05 were 
determined to be statistically significant.

Results
The mean age (years) of the 20 enrolled subjects was 58. 
Overall, subjects were mostly men (80%) and Black 
(65.0%). Subjects had a mean duration of hemodialysis of 
7.5 years and 60% of the subjects had a history of heart failure. 
All demographics are shown in Table 1. The mean body mass 
index (BMI) of all subjects was 31 with a standard deviation of 
9. There were no serious adverse events (SAEs) reported 
during the study. All AEs were anticipated and related to the 
dialysis procedure. There were no study device (µCor system) 
issues related to AEs.

The mean volume of fluid removal was 3.63 L (± 0.88 L). 
Individual Pearson correlation values of the subject’s TFI to 
the subject’s UFV are shown in Table 2. Of the 20 subjects, 
14 subjects exhibited very strong correlations (r > 0.9), 3 
subjects showed a strong correlation (0.7 < r <0.9), and two 
subjects showed a poor correlation (r < 0.5). Data from 
subject (202) were not assessed as RF measurements of 
adequate quality could not be obtained. Figure 2 displays 
the relationship between TFI and UFV within each subject 
that had adequate quality measurements. The total number of 
valid TFI measurements taken for each subject is shown in 
the third column of Table 2 and ranges from 3 measurements 
to 35 measurements. One subject’s correlation values (334) 
were excluded from the Fisher Transform analysis due to the 
requirement of at least 4 pairs of data for the Fisher 
Transform formula. For 18 subjects that had at least 4 pairs 
of data, the average correlation between fluid removal and 
TFI was r = 0.95 CI [0.92–0.99].

The responder analysis, shown in Figure 3, demonstrated 
that all subjects experienced a reduction in TFI from baseline 
to the end of dialysis. The mean reduction of TFI was 5.5% ± 
3.8 with a maximum reduction of 13.9%, and minimum 
reduction of 1.4%. Subject BMI prior to UFV was investigated 

as a potential influence in the responder analysis, but when 
subject BMI was compared to the subject’s respective 
TFI percent change, a weak Pearson correlation value (r) of 
0.13 was observed. Of the 11 subjects with TFI data that had 
an NYHA classification > 0, 6 subjects had a TFI percent 
change of 0–5%, 4 subjects had a TFI percent change between 
5% and 10%, and 1 subject had a TFI percent change greater 
than 10%. Initial subject BMI and NYHA class were investi
gated as potential influencers on the TFI reduction. 
Multivariate regression analysis suggested that reduction in 
TFI from baseline to the end of dialysis was not significantly 
associated with neither BMI (p=0.58) nor NYHA (p=0.87).

Discussion
There was a strong correlation (0.95 CI [0.92–0.99]) of 
TFI and UFV when individual Pearson correlation 

Table 1 Demographic Data of the Subjects Enrolled

Parameters N=20

Age (years)
Mean (SD) 58 (9.5)

Minimum, Maximum 35–76

Sex (n [%])
Female 6 (30)
Male 14 (70)

Race (n [%])
American Indian/Alaska Native 3 (15)

Black 13 (65)

Caucasian 3 (15)
Native Hawaiian or Other Pacific Islander 1 (5)

Ethnicity (n [%])
Hispanic or Latino 2 (10)

Not Hispanic or Latino 18 (90)

Baseline Body Mass Index (kg/m2)
Mean (SD) 31.3 (8.8)

Minimum, Maximum 20–55.6

Duration on Hemodialysis (years)
Mean (SD) 7.5 (8.7)
Minimum, Maximum 0.6–37

Daily Urine Output (mL)
n 17

Mean (SD) 260 (518)

Minimum, Maximum 0–2000

History of Heart Failure (n [%])
NYHA Class (n [%]) 12 (60)
II 10 (50)

III 2 (10)
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coefficients were averaged through the Fisher’s 
z transformation. The correlation demonstrated that the 
µCor system may have utility in tracking total body fluid 
in dialysis patients.

Some subjects’ TFI responded more strongly to 
changes in UFV when compared to the TFI response 
observed in other subjects. We believe these differences 
in responses could be explained by variables that affect 
fluid removal in intravascular and interstitial compart
ments during dialysis. It is possible that for some subjects, 
even though the fluid is removed from the intravascular 
compartment, only a small portion of the total fluid is 
removed from the interstitial compartment during 
dialysis.11 Supporting evidence of this phenomenon was 
found in a hemodialysis study, where 31% of subjects 
following dialysis still had moderate to severe pulmonary 
congestion demonstrating that fluid removal is often not 
completely fulfilled.8 It is also possible that individuals 
with mild pulmonary congestion may experience a more 
dramatic change in TFI. These possibilities may explain 
the outcomes of the responder analysis shown in Figure 3 

where some subjects exhibited more robust responses in 
TFI changes than other subjects. All responders however 
were downward trending.

The findings of the study have implications for the 
value derived from the patient perspective, both in fluid 
monitoring during dialysis and fluid monitoring within 
other disease states such as HF. When patients and clin
icians are aware of fluid status, treatments can be tailored 
to the patient so that benefits are optimized and safety 
from harmful side effects is reduced. The design of the 
study device as an RF-based wearable patch also offers 
advantages compared to current fluid monitors as the 
device avoids the expertise needed to interpret LUS, and 
its RF-based measurement is differentiated from tradi
tional bioimpedance monitors where measurements of 
whole-body fluid status become less sensitive to fluid in 
the trunk.12,13

Reliable remote monitoring of fluid status provides 
value to the patient as a safety/efficacy monitor in the 
home hemodialysis setting, a setting which is the focus 
of a recent initiative set by the US government to broaden 
home hemodialysis programs.14 Telemonitoring techni
ques and devices have recently been identified as innova
tive approaches for fluid monitoring in dialysis patients, 
with the potential to improve morbidity and mortality.15 

Wearable devices also have the capability to expand upon 
a singular measurement such as radar or bioimpedance, 
and integrate multiple biologic signals to provide 
a comprehensive clinical picture.7 Furthermore, all 
patients who have access to these data in the setting of 
home monitoring may become more involved in their care 
as the consequences of choices that affect the patient’s 
health may be apparent before symptoms develop.

The study is limited in its scope of 20 hemodialysis 
subjects. Additionally, all subjects were undergoing 
chronic hemodialysis and patients new to hemodialysis 
may have exhibited different findings. The clinical indica
tion for dialysis was unknown for all subjects, and differ
ences in clinical background could have influenced the RF 
readings. There was a variable number of valid measure
ments among subjects as only those data points with pre
determined signal quality were used for the analysis. The 
device is limited in its ability to estimate the dry weight of 
the subject due to the fact that the TFI reading is normal
ized. Furthermore, total fluid removal measured by UFV 
may not directly represent changes in the lung fluid cap
tured by a TFI measurement taken in the left lung tissue.

Table 2 Individual Pearson r Correlations of UFV vs TFI with 
Corresponding Number of Measurements. The Fisher’s Mean 
r with 95% CI is Reported

Subject ID r (Pearson’s 
Correlation)

Number of TFI 
Measurements

101 −0.97 32
103 −0.84 5

106 −0.95 14

107 −0.84 16
111 −0.94 22

112 −0.03 13
133 −0.99 32

134 −0.21 17

135 −1 29
202 NA NA

203 −0.99 26

231 −0.99 27
232 −0.94 29

303 −1 37

304 −0.92 31
306 −0.99 4

308 −0.99 34

332 −1 35
334 −0.95 3

336 −0.74 30

Fisher’s Mean r and 

95% CI

0.95 (0.92–0.99)
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Conclusion
The µCor system provides RF-based measurements of 
thoracic fluid which correlate well with total body fluid 
removal in a real-world setting. TFI measurements 
obtained by the µCor system may be useful in fluid man
agement. Fluid management in dialysis patients serves as 
a potential model for the management of pulmonary con
gestion in a variety of clinical settings and conditions 
characterized by volume overload, including congestive 
HF. This novel wearable technology has the potential to 

empower end-stage kidney disease patients and those with 
HF to improve their clinical outcomes.
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Figure 3 TFI Responder analysis showing percent change in TFI from beginning of dialysis to the end of dialysis. Some subjects experienced greater absolute TFI changes 
than other subjects.

Figure 2 Individual plots by subject of TFI vs UFV (mL) are shown. The number above each plot corresponds to the individual subject study identification number.
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