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Cardiovascular disease (CVD) is a major burden in dialysis-dependent chronic

kidney disease (CKD5D) patients. Several factors contribute to this vulnerability

including traditional risk factors such as age, gender, life style and comorbidities,

and non-traditional ones as part of dialysis-induced systemic stress. In this

context, it appears of utmost importance to bring a closer attention to CVD

monitoring in caring for CKD5D patients to ensure early and appropriate

intervention for improving their outcomes. Interestingly, new home-used, self-

operated, connected medical devices offer convenient and new tools for

monitoring in a fully automated and ambulatory mode CKD5D patients during

the interdialytic period. Sensoring devices are installed with WiFi or Bluetooth.

Some devices are also available in a cellular version such as the Withings Remote

Patient Monitoring (RPM) solution. These devices analyze the data and upload the

results to Withings HDS (Hybrid data security) platform servers. Data visualization

can be viewed by the patient using the Withings Health Mate application on a

smartphone, or with a web interface. Health Care Professionals (HCP) can also

visualize patient data via the Withings web-based RPM interface. In this narrative

essay, we analyze the clinical potential of pervasive wearable sensors for

monitoring ambulatory dialysis patients and provide an assessment of such

toolkit digital medical health devices currently available on the market. These

devices offer a fully automated, unobtrusive and remote monitoring of main vital

functions in ambulatory subjects. These unique features provide a

multidimensional assessment of ambulatory CKD5D patients covering most

physiologic functionalities, detecting unexpected disorders (i.e., volume
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/articles/10.3389/fneph.2023.1148565/full
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fneph.2023.1148565&domain=pdf&date_stamp=2023-04-24
mailto:canaudbernard@gmail.com
https://doi.org/10.3389/fneph.2023.1148565
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nephrology#editorial-board
https://www.frontiersin.org/journals/nephrology#editorial-board
https://doi.org/10.3389/fneph.2023.1148565
https://www.frontiersin.org/journals/nephrology


Canaud et al. 10.3389/fneph.2023.1148565

Frontiers in Nephrology
overload, arrhythmias, sleep disorders) and allowing physicians to judge patient’s

response to treatment and recommendations. In the future, the wider availability

of such pervasive health sensing and digital technology to monitor patients at an

affordable cost price will improve the personalized management of CKD5D

patients, so potentially resulting in improvements in patient quality of life

and survival.
KEYWORDS

chronic kidney disease, hemodialysis, pervasive remote monitoring, digital connected
health, CKD, empowering patient
Introduction

Cardiovascular disease (CVD) is a major burden in dialysis-

dependent chronic kidney disease (CKD5D) patients (1). Mortality

from cardiovascular disease is 10 to 20 times higher in CKD5D

patients than in the general population matched for age and gender

(2). The pathophysiologic link between CVD and CKD is well-

established involving multiple factors including dialysis

prescription and monitoring (3). Severe CVD events are the main

cause of death in CKD5D patients (4). Deaths from cardiovascular

disease accounted for 48% of all deaths, including arrhythmias,

cardiac arrest, congestive heart failure (CHF), acute myocardial

infarction (AMI), and atherosclerotic heart disease (ASHD) in the

annual USRDS 2019 report (5). Interestingly, arrhythmias and

cardiac arrest represented 50% of all cardiac deaths.

It is widely recognized that chronic kidney disease patients

represent a high cardiovascular risk population (1, 6). Several

factors contribute to this vulnerability including traditional ones

namely age, gender, life-style and comorbidities, and non-

traditional ones such as nephropathy, volume overload,

hypertension, uremic and metabolic disorders, uremic

cardiomyopathy and renal replacement modality (7). These are

summarized in Figure 1. It is not our intention to review all these

factors, but rather to highlight the fact that CKD5D patient

management and dialysis modality are modifiable factors that

may have a strong influence on patient outcomes (8).
02
By triggering cardiac events, conventional thrice weekly

hemodialysis is a significant potential disease modifier as

indicated by recent studies. Large cohort studies have shown that

interdialytic periods, in particular those with the longest interval (2

days break), increased the risk for hospitalization and mortality by

20 to 40% (9–11). Importantly, these risks are much greater in the

12 hours following the hemodialysis session (early) and in the 12

hours preceding the next hemodialysis session (late). These findings

suggest that two different mechanisms are likely involved: the early

one would favor a role for rapid fluid and electrolyte shifts along

with changes in cardiac structure and perfusion and sympathetic-

vagal nervous system imbalance (12–14); the late one would favor a

role for fluid overload, hypertension and hyperkalemia (15–17).

Recent prospect ive studies using either skin surface

patch or implantable loop recorders allowing continuous

electrocardiogram (ECG) recording brought new insights into this

problem (18). Based on ambulatory ECG monitoring, it was shown

that clinically significant arrhythmias were quite common and more

frequent in hemodialysis patients than expected (19, 20). It is

interesting noting that among clinically symptomatic arrhythmias,

bradycardias, which sometimes were a harbinger of asystole, were

more frequently observed than ventricular tachycardia and also that

these rhythmic disorders were strongly related to the dialysis cycle.

Next to this, studies with implantable loop recorders also showed

that atrial fibrillation was prevalent in nearly 30% of dialysis

patients, and episodes of atrial fibrillation (AF) related to the

dialysis cycle. Although the optimal treatment strategy for AF in

patients on HD remains under discussion, these findings are of

relevance, as AF in patients with CKD 5D is strongly associated

with mortality.

In this context, it appears of utmost importance to bring a closer

attention to CVD monitoring in caring for CKD5D patients to

ensure early and appropriate interventions to improve their

outcomes (21). Technological advances had led to the

development of new home-used, self-operated, connected medical

devices, which offer convenient and new tools for monitoring

patients in a fully automated and ambulatory mode during the

interdialytic period for CKD5D patients.

In this narrative essay, we discuss the clinical potential of

pervasive wearable sensors for monitoring ambulatory dialysis

patients. On purpose, we selected Withings’ as specific digital
FIGURE 1

Factors affecting cardiovascular outcomes in CKD5D patients.
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health care equipment for our case illustration. We recognized that

several digital remote monitoring equipment are available on the

market (i.e., Apple, Samsung, Gyant, Medopad, Chronisense

Medical, iHealth, Vitls) that have their own unique features and

specific applications. To our knowledge however, these companies

don’t provide yet a comprehensive and combined approach of

monitoring chronic ambulatory patients in their various vital

dimensions (i.e., weight, blood pressure, fluid status, heart

rhythm, sleep disorders). In addition, these companies are not

capturing, analyzing data in a centralized cloud-based system,

able to empower patients or support healthcare professionals in

their decision making. Withings’ provides today a toolkit digital

medical health device with remote patient monitoring system,

cloud-based advanced analytic system, supported by clinical

validation that may be easily implemented in daily practice.
2 Cf footnote 1.

3 The ballistocardiogram, recorded as small variations of weight produced

by the recoil of the center of mass upon the ejection of blood into the aorta,

gives a proximal time point. An impedance plethysmogram of the foot

(measuring the variations of conductivity) gives a distal time point. A model

using these time points and the height of the patient was trained to output the

carotid-femoral PWV measured with a Sphigmocor (AtCor Medical).

4 The Vascular Age is the chronological age of the patient corrected by a

PWV-dependent factor.
Digital health tools: the example of
Withings as a multiplexed integrated
web-based architecture system

Analytic description: pervasive and
non-intrusive connected tools

Withings, an electronics company has pioneered several devices

aimed at facilitating the remote monitoring of chronically ill

patients. Withings tool kit digital devices and their potential use

in dialysis patients are presented in Figure 2.

Scanwatch© is an analog watch, which can allow the patient to

record a 30 second single-lead ECG and make spot measurements

of their peripheral oxygen saturation (SpO2), while in the

background, heart rate is measured intermittently and physical

activity (steps) measured continuously. This device analyzes the

ECG signals, calculates the heart rate (robust mean over 30

seconds), and classifies the rhythm into one of the following

categories: AF, Sinus Rhythm, Noise, Inconclusive1. Scanwatch

uses three types of sensors: i) dry electrodes (ECG), ii) optical

sensors (SpO2 and pulse rate), iii) accelerometer (physical activity).

The accuracy of SpO2 measurement was assessed with a

standardized protocol (ISO 80601-2-61:2017) during mild,

moderate and severe hypoxias against gold-standard SaO2. The

accuracy was good: 3% root mean square deviation (RMSE) (N = 14

patients and 275 blood samples) (22). Rhythm classification by the

Scanwatch was compared to the diagnosis by cardiologists on

simultaneously taken 12-lead ECGs (AF: n=100, normal sinus

rhythm: n=113, other arrhythmia: n=45). 6.9% (18/262) were

classified as Noise by the algorithm. Excluding patients with a

reference diagnosis of other arrhythmias than AF or a noisy

recording, the sensitivity for AF detection was 0.963 (95% CI
1 ‘Noise’ is an output given if the quality of the recording is too poor to

classify the rhythm with confidence. ‘Inconclusive’ is the output when the

rhythm cannot be classified as either AF or Sinus Rhythm with enough

confidence. This may happen when the heart rate is < 50 bpm or > 150

bpm, or in the presence of another arrhythmia than AF.
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lower boundary 0.894), with a specificity of 1.000 (95% CI limits

of agreement 0.967) (23).

The BPM Connect© is an oscillometric blood pressure monitor.

Its accuracy and precision were assessed in the general population

as well as in pregnant women, including those with pre-eclampsia

(24–26). In the general population (N = 85), for validation criterion

1, the mean difference ± SD between the reference and device

measured blood pressure (BP) values was 0.6 ± 5.3 mmHg for

systolic blood pressure (SBP) and 2.1 ± 4.3 mmHg for diastolic

blood pressure (DBP). For criterion 2, the SD of the mean BP

differences between the test device and reference BP per subject was

4.2/3.6 mmHg (SBP/DBP) (27). In pregnant women, the mean

differences between the mercury standard oscillograph and device

BP values in pregnancy (n = 45) were −0.5 ± 5.7 mmHg for systolic

BP (SBP) and −0.8 ± 3.8 mmHg for diastolic BP (DBP). In the

subgroup of preeclamptic patients (n = 15), the mean differences

were 0.14 ± 5.5 mmHg for SBP and 0.39 ± 3.7 mmHg for DBP (28).

Bodyscan© is conceived as a health station. Besides measuring

weight, it performs multifrequency segmental bioimpedance

analysis and outputs the content of (mass and %) fat, visceral fat,

lean tissues, muscles, total water, extra-cellular and intra-cellular

water; it performs a 30 seconds 6-lead ECG (4 limb electrodes are

placed, 2 on the glass plate and 2 on the handle), and calculates

heart rate and classifies the rhythm into one of four categories (AF,

Sinus Rhythm, Noise, Inconclusive2); it estimates the aortic Pulse

Wave Velocity (PWV)3 and computes a Vascular Age4 and it

assesses the sudomotor function, an early indicator of peripheral

neuropathy5. The ECG classification by Bodyscan was compared to

the diagnosis by cardiologists on simultaneously taken 12-lead

ECGs (AF: n=82, normal sinus rhythm: n=131, other arrhythmia:

n=12, uninterpretable: n=8). 8.4% of the recordings were classified

as Noise by the algorithm. Excluding patients with a reference

diagnosis of other arrhythmias than AF or an uninterpretable

recording, the sensitivity for AF detection was 0.98 (95% CI lower

bound 0.92), and the specificity was 1.0 (95% CI lower bound 0.98)

[Personal Communication]. PWV was compared to the carotid-
5 It combines reverse iontophoresis, i.e., migration of some ions from the

human skin to the electrodes in contact with the sole of the feet, and steady

multiple chronovoltammetry, which is the application of rectangular direct

current (DC) voltages of varying amplitudes. A time/ampere curve is recorded.

Electrochemical skin conductance (ESC) in the hands and feet, i. e., the ratio

between current generated and the constant DC voltage stimulus, is

calculated and compared to normal values.
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femoral PWV measured with a Sphygmocor by trained specialists

in general population. The bias was 0.25 m·s-1 and the SE was

1.39 m·s-1. This agreement with Sphygmocor is “acceptable”

according to the ARTERY classification (29).

Bodyscan’s measurement of the sudomotor (sweating) function

was compared to the Sudoscan (Impeto Medical) (N=147). The

sensitivity and specificity to classify with respect to (wrt) a

neuropathy score of 70 (no neuropathy vs mild neuropathy) were

0.91 (95% CI lower bound 0.83) and 0.966 (95% CI lower bound

0.881) respectively, and the sensitivity and specificity to classify wrt

a neuropathy score of 50 (mild vs severe neuropathy) were 0.915

(95% CI lower bound 0.796) and 0.990 (95% CI lower bound 0.946)

[in preparation].

The Sleep Analyzer© consists of an air inflated pad connected to

a pressure sensor. The pressure signal is decomposed into three

channels: movement, respiration, and heart beats. In addition, a

microphone permits detection of snoring and snorting. The device

provides data on sleep (time asleep, sleep efficiency, wake periods

and sleep stages), pulse rate and respiration rate, and computes an

apnea-hypopnea index (not available in the US). The Sleep

Analyzer was included in a polysomnography (PSG) study

involving 42 participants in a sleep laboratory. The respiratory

rate had a bias of −0.06 breaths per minutes and 95% limits of

agreement (LOA) of [−0.6; 0.5] breath per minute. The heart rate

had a bias of −0.8 and a 95% LOA of [−4.3; 2.7] beats per minute

(30). Patients suspected to have obstructive sleep apnea syndrome

completed a night at a sleep clinic with a simultaneous PSG and

recording with the Sleep Analyzer (N=180). The sensitivity,

specificity, and area under the receiver operating characteristic

curve (AUROC) at thresholds of apnea-hypopnea index ≥ 15

events/h were, respectively, Se15 = 88.0%, Sp15 = 88.6%, and

AUROC15 = 0.926. At the threshold of apnea-hypopnea index ≥

30 events/h, results were Se30 = 86.0%, Sp30 = 91.2%, AUROC30 =

0.954. The average total sleep time from PSG and the Withings

Sleep Analyzers was 366.6 (61.2) and 392.4 (67.2) minutes, sleep

efficiency was 82.5% (11.6) and 82.6% (11.6), and wake after sleep

onset was 62.7 (48.0) and 45.2 (37.3) minutes, respectively (31).
Frontiers in Nephrology 04
Advanced analytics: expert systems,
threshold alarms

These devices are installed with WiFi or Bluetooth, and some

are also available in a cellular version (Scanwatch, Sleep Analyzer,

BPM Connect, scale Body Pro, Thermo, and a glucometer) 6

provided with Withings Remote Patient Monitoring (RPM©)

solution. In this RPM solution, devices are pre-configured,

shipped to the patient, and immediately available for use. After

each measurement, the devices analyze the data and upload the

results (e.g., SpO2, body composition) to Withings HDS servers.

Data visualization can be reviewed by the patient using the

Withings Health Mate application on a smartphone, or with a

web interface. Health Care Professionals (HCP) can also visualize

their patient’s data via the Withings web-based RPM interface.

Withings RPM can be integrated to virtually any electronic health

care report. Patient’s data confidentiality and security are ensured

through an ISO 27001 certified hosting infrastructure and strictly

following international general data protection regulation (i.e.,

GDPR). This is presented in Figure 2.
Feedback and alarm sent to user
and reference center

Patients and clinicians can consult their data in the Withings

Health Mate© application if not using the RPM solution application. In

the RPM solution, patients are guided by a digital assistant (application

on a smartphone), to maintain their adherence to monitoring on a

daily basis. The digital assistant educates patients about the program

and helps tracking, and a HIPAA compliant proactive phone support is

provided to help patients who have not been able to activate their

device. A setup confirmation is sent when devices are first installed.
FIGURE 2

Digital health tools to support and improve management of dialysis patients.
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Finally, it reminds patients to take their readings, and shares tips on

how to build a habit. The HCP-facing interface of the RPM is organized

to display a complete history of the patients: all the health data from

day one, alerts history, recent team notes, and current procedural

technology (CPT) code completion history.
Clinical potential of digital remote
tools: the example of dialysis-
dependent chronic kidney disease
patients’ management, the case for
Withings technology

Remote monitoring of changes in volume status, vital signs

(blood pressure, heart rate, respiration rate, oxygen saturation),

sleep quality and physical activity are among the most useful and

valuable when assessing ambulatory CKD5D patients (32).

Withings’ digital health toolkit devices offer a fully automated,

unobtrusive and remote monitoring of the main vital functions in

ambulatory subjects. These unique features provide a

multidimensional assessment of ambulatory CKD5D patients

covering most physiologic functions, detecting unexpected

disorders (i.e., volume overload, arrhythmias) and finally helping

physicians to judge patient’s response to treatment and

recommendations. Among the various options provided with

Withings’ digital health toolkit devices, we have briefly

summarized some of the currently explored areas and potential

fields for future clinical applications. Their potential use to support

care of dialysis patients is presented in Figure 3.

Volume overload (VO) is a major cardiovascular risk factor for

CKD5D patients. Chronic VO has been recognized as being a

leading cause of hypertension and cardiac remodeling being

independently associated with poor outcomes in dialysis patients

(33–36). In addition, VO and pulmonary edema are leading causes

of hospitalization (37, 38). Therefore, it seems crucial to carefully

monitor volume status and blood pressure changes to avoid

complications associated with volume overload. Volume changes
Frontiers in Nephrology 05
may be easily assessed on a daily basis by means of a digital scale

and/or multifrequency bioimpedance analyzer integrated into a

digital scale. By combining this with daily blood pressure

measurement given by the BPM Connect, it becomes possible to

have an extensive hemodynamic assessment of CKD5D patients

throughout the dialysis week. Permanent ambulatory respiratory

rate and ECG measurements may also provide complementary

information on patient volume overload and pulmonary edema

risk. Chan et al. used a wearable patch biosensor to determine

respiratory rates for remote patient monitoring and respiratory

disease screening (39). For this purpose, they developed and

validated an algorithm in a small population of 15 elderly subjects

performing the different activities of daily living. Recognizing that

volume overload contributes to reduced oxygenation, it can be

anticipated that permanent monitoring of oxygen saturation (SpO2)

may facilitate early detection and disease severity of volume

overload. From a clinical perspective, by combining changes in

bioimpedance scale, respiratory rate, oxygen saturation and ECG

data generated by Withings’ toolkit, one can reasonably expect

enhancing accuracy of detecting early volume overload in

ambulatory CKD5D patients and to correct it before congestive

heart failure develops, so avoiding acute hospital admission.

Arrhythmia is observed in 30 to 40% of established CKD5D

patients leading potentially to life threatening complications

including sudden death (40). It is well recognized that several

pro-arrhythmic risk factors coexist in this population. However,

the central abnormality that predisposes to arrhythmias is the

cardiomyopathy, which is highly susceptible to abnormal

ventricular conduction either spontaneously or via additional

triggers such as dialysis-induced circulatory stress or electrolyte

fluxes (41, 42). It has been also shown that some ECG abnormalities

are prone to life-threatening arrhythmias that include heart-rate

variability (HRV), ventricular late potentials, and QT interval

prolongation. Using continuous ECG monitoring either with

patch-based or implanted loop recording, it was shown that

arrhythmias are more frequent than expected and ventricular

tachycardia and/or tachyarrhythmia were the most frequent but

c l inica l ly ser ious events were mainly observed with
FIGURE 3

Expected results with support of digital remote monitoring.
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bradyarrhythmia’s (43). Roy-Chaudhury et al. have identified in a

prospective study performed in 66 hemodialysis patients using an

implantable loop recorder (ILR), that clinically serious arrhythmias

(CSA) occurred in 67% of patients (44). Interestingly, arrhythmic

disorders were distributed as follows: 77.3% had non-sustained

ventricular arrhythmias, 20% had bradycardia, 9% had asystolic

events and only one episode of sustained ventricular tachycardia

was observed. Furthermore, it has been shown that arrhythmias

were strongly related to the dialysis cycle. Prevalence of arrhythmia

was highest during the first dialysis session of the week and also

increased during the last 12 hours of each inter-dialytic interval and

particularly with the longer interdialytic interval. In addition,

electrolyte fluxes and dialysis prescription were associated with

significant impacts on the incidence of arrhythmias. Sacher et al.

provided further insights in a prospective study including 71

hemodialysis patients using an ILR device (19, 44). Twelve

patients (17%) had a past history of AF or flutter. During a mean

follow-up period of 21.3 months, 16 patients died (14% patient-

years), 7 (44%) of cardiovascular causes and 4 sudden deaths

occurred, with progressive bradycardia followed by asystole. De

novo AF or flutter was diagnosed in 14 patients (20%). The

incidence of patients presenting with clinically serious event and

ventricular arrhythmia was 14% and 9% patient-years, respectively.

In multivariate analyses, they identified several pro-arrhythmic risk

factors that included high plasma potassium, low bicarbonate, high

hemoglobin, high blood pressure, longer interdialytic period,

history of coronary artery disease, previous arrhythmias and

diabetes mellitus. Furthermore, specific risk associated with

ventricular arrhythmia was low plasma potassium, no

antiarrhythmic drugs and past history of arrhythmias (19, 44).

Early detection of clinically serious arrhythmias potentially leading

to cardiac arrest in high risk CKD5D patient is clearly an unmet

medical need that requires more appropriate wearable and

ultralight tools. Now, it remains to be proved in the clinical

setting of hemodialysis that wireless patch device may offer

comparable information to implantable wire loop recorders in an

easier and more cost-effective manner (32, 42). From a clinical

perspective, detection of clinically significant arrhythmias will lead

to revision of renal replacement treatment options (i.e., intensive

dialysis, dialysate electrolyte prescription) and referral to cardiology

expertise to mitigate cardiac risk (i.e., medication, implantable

pacemaker or defibrillator).

Sleep disorders are common andmore frequent in CKD5 patients

onmaintenance hemodialysis than in the general population (45–47).

In brief, among most frequently reported symptoms are insomnia

(69%), obstructive sleep apnea syndrome (OSAS) (24%), restless leg

syndrome (RLS) (18%) and excessive daytime sleepiness (EDS)

(12%). Furthermore, sleep disorders are strongly associated with

poor health-related quality of life (i.e., fatigue) and poor patient

outcomes (i.e., higher cardiac burden) (48, 49). Several risk factors

have been identified including non-modifiable factors (e.g., obesity,

diabetes, chronic kidney disease) and modifiable factors in particular

dialysis adequacy (e.g., volume overload, hypertension, anemia,

albumin). Automated prediction of apnea-hypopnea index and

detection of sleep apnea is an interesting approach to reduce a
Frontiers in Nephrology 06
newly identified cardiovascular risk factor in CKD5D population.

Apnea-Hypopnea Index (AHI) assesses severity of this disorder by

measuring number of apnea or hypopnea events per hour. Usually,

between 2% and 5% of adult women and 3% to 7% of adult men have

sleep apnea syndrome (SAPS). Selvaraj et al. have used a patch

biosensor to estimate the apnea-hypopnea index in a cohort of high-

risk subjects (50). For this purpose, they developed an algorithm

using features provided by statistical and filtering dispersion analysis

of the nasal airflow respiration signals. Based on this algorithm, they

computed apnea or hypopnea occurrences on a per-second basis and

compared the predictive value of their algorithm to the ‘gold

standard ’ relying on a polysomnography (PSG) record.

Interestingly, they showed that the predictive value of the patch

biosensor was comparable to the apnea-hypopnea index obtained

with the PSG. The authors confirmed that patch biosensor can be

used in sleep apnea syndrome screening as an inexpensive and

convenient solution for recurrent sleep apnea evaluation. In

addition, it has been shown recently that about 10% of

hemodialysis patients presented with prolonged and relatively

severe hypoxemia during dialysis sessions. Hypoxemic patients

have higher mortality risk estimated around 20% at one year (51,

52). Now, it remains to be shown that wearable wireless bed patch

biosensors (sleep analyzer) have the same accuracy in CKD5D

patients. From a clinical perspective, patients presenting with high

apnea-hypopnea index and/or prolonged hypoxia may benefit from

intermittent continuous positive airway pressure (CPAP) devices

and/or oxygen therapy to mitigate this cardiac risk.

Impaired physical activity is a key feature of adults with

advanced CKD, and is associated with poor outcome and

increased mortality (53, 54). The physical fitness in aged dialysis

patients is so reduced that it impinges on ability to perform

everyday activities of life and domestic tasks and increases the

risk of falls. An increasing number of studies have stressed health

benefits of regular exercise training programs to the point that they

are perceived as a cornerstone of therapy (55–58). Monitoring

physical activity and guiding physical exercise training in an

adapted and structured way are of crucial importance in this frail

population. In this context, wearable wireless connected patch

sensors provide monitoring to achieve this goal in an easy and

transparent way. Using a wireless patch sensor, Selvaraj et al. have

assessed and confirmed performances and accuracy of such device

in measuring vital signs (59). In this study, 76 senior participants

were included and were followed up to 3603 days. The results

confirmed not only wearability and usability of the wireless

biosensor at home over the longer term but also showed the

clinical value in the early detection of falls. Usually, experiments

target young participants and some activities of daily living in

assessing the specificity and sensitivity of fall detection systems. The

Selvaraj study has also shown the suitability of wireless patch sensor

in elderly participants for long-term monitoring at home. In

another study, Chan et al. compared accuracy of a wireless patch

sensor with more conventional medical devices (39). In brief, they

confirmed that patch connected biosensor provides similar results

than larger and traditional tools in measuring physical activity and

vital signs.
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Protein energy wasting (PEW) is more common in advanced

CKD and dialysis patients (20-50%) and also associated with an

increased risk of morbidity and mortality (60, 61). Early recognition

and treatment of malnutrition are essential to improve the outcome

of CKD and dialysis patients. Assessment of PEW relies on a series

of markers including clinical and anthropometric signs (weight loss,

low body mass index, lean tissue mass), laboratory investigations

(albumin, transthyretin), dietary survey (protein and energy intake)

and instrument tools (bioimpedance, energy expenditure) (62, 63).

Diagnosis of PEW is usually recognized by health care professionals

as cumbersome or made at a too late stage. In this context, wearable

patch wireless sensor devices might offer a new and convenient tool

for an early detection of reduced daily energy expenditure and

physical activity. Furthermore, the combined use with body

composition analyzer using bioimpedance assessments will track

lean tissue mass wasting. Selvaraj et al. have used a wireless patch

biosensor for assessing energy expenditure (EE) rate and total daily

energy expenditure (TEE) in a cohort of 32 ambulatory subjects

aged 21 to 72 years old with a wide range of body mass index (64).

Their results confirmed that patch biosensors allow accurate

measurement of EE and TEE and provide a reliable and non-

constraining tool for such assessments. Now, it remains to be

proved that accuracy of such wearable patch devices equally

works in CKD5D patients, that requires further validation studies.

Falls among aged CKD5D patients are a serious concern since

they have significant impact on quality of life and mortality (65).

Falls are also a significant cause of morbidity that contributes to a

substantial burden to health care costs. Although falls may be

predicted or minimized, they are not totally preventable. Fall

reduction in elderly CKD5D patients is an important focus for

health care researcher (66, 67). Narasimhan et al. used a biosensor

to automatically detect human falls (68). The tri-axial

accelerometer, Bluetooth Low Energy transceiver, and

microcontroller found in the sensor can detect a possible fall if

there is impact and the person lies horizontally after the fall.

Furthermore, the activity after the fall must be below the

threshold. The study recruited 15 elderly volunteers to perform

activities of daily living and 10 volunteers to perform intentional

falls using a gymnastics mat. The algorithm developed offered 100%

specificity and 99% sensitivity. From a clinical perspective, digital

remote self-operated tools may provide an easy means to monitor

physical activity and energy expenditure on one hand, and to

activate patients through personalized coaching and training

through advice on the other.
Challenges and threats of digital
health technology

The introduction of a new technology, particularly in patient

care, is always subject to caution, fears or even doubts by medical

community experts. This is the case for digital health systems and

particularly for pervasive remote monitoring devices that bring

another level of complexity to patient management. In this
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paragraph, we provide few thoughts about challenges and threats

related to the intrusion of digital health technology in tomorrow

medical field.

On one end, there are some challenges that deserve to be

highlighted: Firstly, amount of big data generated by these devices

when used on a daily basis; Secondly, usability of this information

by users and care givers; Thirdly, reliability of medical information

generated and transmitted to care professionals; Fourthly, safety of

patients’ data protection system; Fifthly, integration of these tools in

standard of care and patient workflow.

On the other end, there are also threats that need to be

underlined: Firstly, reliability of information captured and

transmitted to care givers; Secondly, data interpretation and

translation in an active patient management plan; Thirdly, patient

burned out associated with continuous monitoring perceived as too

intrusive; Fourthly, economical value based of this remote digital

health technology must be assessed more precisely; Fifthly,

excessive reliance on digital health system may lead to loss of

medical expertise or doctor/patient interaction, this is a risk.

All these challenges and threats must be kept in mind since they

will deserve more attention and evaluation in the future. It is not

our purpose to elaborate further on these topics, due to space

restriction, but also because we are at the dawn of new technological

revolution in the health care system, and answers will be provided

with more extensive use of these digital health tools.
Expected results and
future development

Increasing advances in technology, especially electronics and

computerization, will lead to a new generation and wider

availability of such pervasive health sensing and digital

technology at an acceptable cost, that will allow extensive non-

invasive monitoring of fragile CKD5D patients at home. As

discussed earlier, regular monitoring of vital functions may help

care givers to improve the management of dialysis patients by

providing early alert to serious events such as volume overload and/

or arrhythmias before life-threatening complications occur.

By combining remote extensive multiplexed sensing technology

and advanced analytics relying on cloud computing and artificial

intelligence, and RPM management, Withings’ tool kit potentially

offers today a convenient and cost competitive means of improving

care of CKD patients. Newer generations of this highly

sophisticated technology should provide a major step towards

precise and personalized medicine. It has potential to improve

patient perception, to reduce cardiovascular burden and finally to

reduce costs associated with hospitalization.

In the future, it remains to be determined how these tools work

for CKD patients and which category of patients will benefit more

from this wearable sensing and digital technology. Further studies

are needed to identify potential clinical benefits and to position

these tools in the clinical management of CKD patients, and in

particular in the renal replacement therapy field.
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Take home message

Digital self-operated tools such as Withings’s toolkit provide a

new and integrated approach for monitoring ambulatory dialysis

patients. A number of these devices are already commercially

available and potentially offer a fully automated, unobtrusive and

remote monitoring of main vital functions in ambulatory subjects.

It was not our intent to compare accuracy and usability of these

digital health tools, but rather to use case of on one comprehensive

and integrated digital health toolkit system in improving care of

CKD patients.

These unique features provide a multidimensional way of

assessing ambulatory CKD5D patients covering most of the

relevant physiologic functionalities, detecting unexpected

disorders (i.e., volume overload, arrhythmias, sleep disorders),

providing alarms to patients and supervising clinical center and

finally supporting physicians to judge patient responses to

treatment and recommendations. Although this new technology

has the potential to improve the quality of care for CKD5D patients,

further studies are required to confirm the prospective clinical

benefits of this rapidly developing technology.
Frontiers in Nephrology 08
Author contributions

All authors contributed to the article and approved the

submitted version.
Conflict of interest

DC, ER are employees and/or stockholder from Withings.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
References
1. Parikh NI, Hwang SJ, Larson MG, Meigs JB, Levy D, Fox CS. Cardiovascular
disease risk factors in chronic kidney disease: overall burden and rates of treatment and
control. Arch Intern Med (2006) 166(17):1884–91. doi: 10.1001/archinte.166.17.1884

2. Foley RN, Parfrey PS, Sarnak MJ. Epidemiology of cardiovascular disease in
chronic renal disease. J Am Soc Nephrol. (1998) 9(12 Suppl):S16–23. doi: 10.1053/
ajkd.1998.v32.pm9820470

3. Menon V, Gul A, Sarnak MJ. Cardiovascular risk factors in chronic kidney
disease. Kidney Int (2005) 68(4):1413–8. doi: 10.1111/j.1523-1755.2005.00551.x

4. Carrero JJ, de Jager DJ, Verduijn M, Ravani P, De Meester J, Heaf JG, et al.
Cardiovascular and noncardiovascular mortality among men and women starting
dialysis. Clin J Am Soc Nephrol. (2011) 6(7):1722–30. doi: 10.2215/CJN.11331210

5. USRDS. Mortality. USRDS annual data 2019, Annual Report of USRDS Vol. 2.
(2018). p. 111.

6. Provenzano M, Coppolino G, Faga T, Garofalo C, Serra R, Andreucci M.
Epidemiology of cardiovascular risk in chronic kidney disease patients: the real silent
killer. Rev Cardiovasc Med (2019) 20(4):209–20.

7. Levin A. Identification of patients and risk factors in chronic kidney disease–
evaluating risk factors and therapeutic strategies. Nephrol Dial Transplant (2001) 16
Suppl 7:57–60. doi: 10.1093/ndt/16.suppl_7.57

8. Canaud B, Wabel P, Tetta C. Dialysis prescription: a modifiable risk factor for
chronic kidney disease patients. Blood Purif. (2010) 29(4):366–74. doi: 10.1159/
000309422

9. Foley RN, Gilbertson DT, Murray T, Collins AJ. Long interdialytic interval and
mortality among patients receiving hemodialysis. N Engl J Med (2011) 365(12):1099–
107. doi: 10.1056/NEJMoa1103313

10. Hakmei JE, Nietert PJ, Fitzgibbon WR, Ullian ME. Length of interdialytic
intervals affects morbidity and mortality in chronic haemodialysis patients. J Clin Exp
Nephrol. (2017) 2(2). doi: 10.21767/2472-5056.100038

11. Fotheringham J, Fogarty DG, El Nahas M, Campbell MJ, Farrington K. The
mortality and hospitalization rates associated with the long interdialytic gap in thrice-
weekly hemodialysis patients. Kidney Int (2015) 88(3):569–75. doi: 10.1038/ki.2015.141

12. Brunelli SM, Spiegel DM, Du Mond C, Oestreicher N, Winkelmayer WC,
Kovesdy CP. Serum-to-dialysate potassium gradient and its association with short-
term outcomes in hemodialysis patients. Nephrol Dial Transplant (2018) 33(7):1207–
14. doi: 10.1093/ndt/gfx241

13. Hecking M, Karaboyas A, Saran R, Sen A, Hörl WH, Pisoni RL, et al. Predialysis
serum sodium level, dialysate sodium, and mortality in maintenance hemodialysis
patients: the dialysis outcomes and practice patterns study (DOPPS). Am J Kidney Dis
(2012) 59(2):238–48. doi: 10.1053/j.ajkd.2011.07.013

14. Laitinen T, Hartikainen J, Niskanen L, Geelen G, Länsimies E. Sympathovagal
balance is major determinant of short-term blood pressure variability in
healthy subjects. Am J Physiol (1999) 276(4):H1245–52. doi: 10.1152/
ajpheart.1999.276.4.H1245

15. Wong MM, McCullough KP, Bieber BA, Bommer J, Hecking M, Levin NW,
et al. Interdialytic weight gain: trends, predictors, and associated outcomes in the
international dialysis outcomes and practice patterns study (DOPPS). Am J Kidney Dis
(2017) 69(3):367–79. doi: 10.1053/j.ajkd.2016.08.030

16. Rhee CM. Serum potassium and the long interdialytic interval: minding the gap.
Am J Kidney Dis (2017) 70(1):4–7. doi: 10.1053/j.ajkd.2017.04.007

17. Zoccali C, Moissl U, Chazot C, Mallamaci F, Tripepi G, Arkossy O, et al.
Chronic fluid overload and mortality in ESRD. J Am Soc Nephrol. (2017) 28(8):2491–7.
doi: 10.1681/ASN.2016121341

18. Rogovoy NM, Howell SJ, Lee TL, Hamilton C, Perez-Alday EA, Kabir MM, et al.
Hemodialysis procedure-associated autonomic imbalance and cardiac arrhythmias:
insights from continuous 14-day ECG monitoring. J Am Heart Assoc (2019) 8(19):
e013748. doi: 10.1161/JAHA.119.013748

19. Sacher F, Jesel L, Borni-Duval C, De Precigout V, Lavainne F, Bourdenx JP, et al.
Cardiac rhythm disturbances in hemodialysis patients: early detection using an
implantable loop recorder and correlation with biological and dialysis parameters.
JACC Clin Electrophysiol (2018) 4(3):397–408. doi: 10.1016/j.jacep.2017.08.002

20. Kalra PA, Green D, Poulikakos D. Arrhythmia in hemodialysis patients and its
relation to sudden death. Kidney Int (2018) 93(4):781–3. doi: 10.1016/
j.kint.2017.12.005

21. Shafi T, Guallar E. Mapping progress in reducing cardiovascular risk with
kidney disease: sudden cardiac death. Clin J Am Soc Nephrol. (2018) 13(9):1429–31. doi:
10.2215/CJN.02760218

22. Kirszenblat R, Edouard P. Validation of the withings ScanWatch as a wrist-worn
reflective pulse oximeter: prospective interventional clinical study. J Med Internet Res
(2021) 23(4):e27503. doi: 10.2196/27503

23. Campo D, Elie V, de Gallard T, Bartet P, Morichau-Beauchant T, Genain N,
et al. Atrial fibrillation detection with an analog smartwatch: prospective clinical study
and algorithm validation. JMIR Form Res (2022) 6(11):e37280. doi: 10.2196/37280

24. Stergiou GS, Alpert B, Mieke S, Asmar R, Atkins N, Eckert S, et al. A universal
standard for the validation of blood pressure measuring devices: association for the
advancement of medical Instrumentation/European society of Hypertension/
International organization for standardization (AAMI/ESH/ISO) collaboration
statement. Hypertension (2018) 71(3):368–74. doi: 10.1161/HYPERTENSIONAHA.
117.10237

25. Stergiou GS, Palatini P, Asmar R, Ioannidis JP, Kollias A, Lacy P, et al.
Recommendations and practical guidance for performing and reporting validation
studies according to the universal standard for the validation of blood pressure
measuring devices by the association for the advancement of medical
frontiersin.org

https://doi.org/10.1001/archinte.166.17.1884
https://doi.org/10.1053/ajkd.1998.v32.pm9820470
https://doi.org/10.1053/ajkd.1998.v32.pm9820470
https://doi.org/10.1111/j.1523-1755.2005.00551.x
https://doi.org/10.2215/CJN.11331210
https://doi.org/10.1093/ndt/16.suppl_7.57
https://doi.org/10.1159/000309422
https://doi.org/10.1159/000309422
https://doi.org/10.1056/NEJMoa1103313
https://doi.org/10.21767/2472-5056.100038
https://doi.org/10.1038/ki.2015.141
https://doi.org/10.1093/ndt/gfx241
https://doi.org/10.1053/j.ajkd.2011.07.013
https://doi.org/10.1152/ajpheart.1999.276.4.H1245
https://doi.org/10.1152/ajpheart.1999.276.4.H1245
https://doi.org/10.1053/j.ajkd.2016.08.030
https://doi.org/10.1053/j.ajkd.2017.04.007
https://doi.org/10.1681/ASN.2016121341
https://doi.org/10.1161/JAHA.119.013748
https://doi.org/10.1016/j.jacep.2017.08.002
https://doi.org/10.1016/j.kint.2017.12.005
https://doi.org/10.1016/j.kint.2017.12.005
https://doi.org/10.2215/CJN.02760218
https://doi.org/10.2196/27503
https://doi.org/10.2196/37280
https://doi.org/10.1161/HYPERTENSIONAHA.117.10237
https://doi.org/10.1161/HYPERTENSIONAHA.117.10237
https://doi.org/10.3389/fneph.2023.1148565
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org


Canaud et al. 10.3389/fneph.2023.1148565
Instrumentation/European society of Hypertension/International organization for
standardization (AAMI/ESH/ISO). J Hypertens (2019) 37(3):459–66. doi: 10.1097/
HJH.0000000000002039

26. AAM/ESH/ISO. Non-invasive sphygmomanometers - part 2: clinical
investigation of intermittent automated measurement type. AAMI/ESH/ISO universal
standard ISO 81060-2, 3rd ed., Technical Report Vol. 2018-11. (2018). p. 32.

27. Topouchian J, Zelveian P, Hakobyan Z, Gharibyan H, Asmar R. Accuracy of the
withings BPM connect device for self-blood pressure measurements in general
population - validation according to the association for the advancement of medical
Instrumentation/European society of Hypertension/International organization for
standardization universal standard. Vasc Health Risk Manage (2022) 18:191–200.
doi: 10.2147/VHRM.S350006

28. Zelveian P, Topouchian J, Hakobyan Z, Asmar J, Gharibyan H, Asmar R.
Clinical accuracy of the withings BPM connect for self-blood pressure measurements in
pregnancy and pre-eclampsia: validation according to the association for the
advancement of medical Instrumentation/European society of Hypertension/
International organization for standardization universal standard. Vasc Health Risk
Manage (2022) 18:181–9. doi: 10.2147/VHRM.S351313

29. Campo D, Khettab H, Yu R, Genain N, Edouard P, Buard N, et al. Measurement
of aortic pulse wave velocity with a connected bathroom scale. Am J Hypertens (2017)
30(9):876–83. doi: 10.1093/ajh/hpx059

30. Yang R-Y, Bendjoudi A, Buard N, Boutouyrie P. Pneumatic sensor for
cardiorespiratory monitoring during sleep. Biomed Phys Eng Express (2019) 5(5).
doi: 10.1088/2057-1976/ab3ac9

31. Edouard P, Campo D, Bartet P, Yang RY, Bruyneel M, Roisman G, et al.
Validation of the withings sleep analyzer, an under-the-mattress device for the
detection of moderate-severe sleep apnea syndrome. J Clin Sleep Med (2021) 17
(6):1217–27. doi: 10.5664/jcsm.9168

32. Fung E, Jarvelin MR, Doshi RN, Shinbane JS, Carlson SK, Grazette LP, et al.
Electrocardiographic patch devices and contemporary wireless cardiac monitoring.
Front Physiol (2015) 6:149. doi: 10.3389/fphys.2015.00149

33. Dekker MJ, Marcelli D, Canaud BJ, Carioni P, Wang Y, Grassmann A, et al.
Impact of fluid status and inflammation and their interaction on survival: a study in an
international hemodialysis patient cohort. Kidney Int (2017) 91(5):1214–23. doi:
10.1016/j.kint.2016.12.008

34. Dekker MJE, Konings C, Canaud B, van der Sande FM, Stuard S, Raimann JG,
et al. Interactions between malnutrition, inflammation, and fluid overload and their
associations with survival in prevalent hemodialysis patients. J Ren Nutr (2018) 28
(6):435–44. doi: 10.1053/j.jrn.2018.06.005

35. Dekker MJE, van der Sande FM, van den Berghe F, Leunissen KML, Kooman JP.
Fluid overload and inflammation axis. Blood Purif (2018) 45(1-3):159–65. doi: 10.1159/
000485153

36. van der Sande FM, van de Wal-Visscher ER, Stuard S, Moissl U, Kooman JP.
Using bioimpedance spectroscopy to assess volume status in dialysis patients. Blood
Purif (2020) 49(1-2):178–84.

37. Plantinga LC, King LM, Masud T, Shafi T, Burkart JM, Lea JP, et al. Burden and
correlates of readmissions related to pulmonary edema in US hemodialysis patients: a
cohort study. Nephrol Dial Transplant (2018) 33(7):1215–23. doi: 10.1093/ndt/gfx335

38. Plantinga LC, Masud T, Lea JP, Burkart JM, O’Donnell CM, Jaar BG. Post-
hospitalization dialysis facility processes of care and hospital readmissions among
hemodialysis patients: a retrospective cohort study. BMC Nephrol. (2018) 19(1):186.
doi: 10.1186/s12882-018-0983-5

39. Chan AM, Selvaraj N, Ferdosi N, Narasimhan R. Wireless patch sensor for
remote monitoring of heart rate, respiration, activity, and falls. Conf Proc IEEE EngMed
Biol Soc (2013) 2013:6115–8. doi: 10.1109/EMBC.2013.6610948

40. Charytan DM, Foley R, McCullough PA, Rogers JD, Zimetbaum P, Herzog CA,
et al. Arrhythmia and sudden death in hemodialysis patients: protocol and baseline
characteristics of the monitoring in dialysis study. Clin J Am Soc Nephrol. (2016) 11
(4):721–34. doi: 10.2215/CJN.09350915

41. Selby NM, McIntyre CW. The acute cardiac effects of dialysis. Semin Dial.
(2007) 20(3):220–8. doi: 10.1111/j.1525-139X.2007.00281.x

42. Walsh JA3rd, Topol EJ, Steinhubl SR. Novel wireless devices for cardiac monitoring.
Circulation (2014) 130(7):573–81. doi: 10.1161/CIRCULATIONAHA.114.009024

43. Roberts PR, Stromberg K, Johnson LC, Wiles BM, Mavrakanas TA, Charytan
DM. A systematic review of the incidence of arrhythmias in hemodialysis patients
undergoing long-term monitoring with implantable loop recorders. Kidney Int Rep
(2021) 6(1):56–65. doi: 10.1016/j.ekir.2020.10.020

44. Roy-Chaudhury P, Tumlin JA, Koplan BA, Costea AI, Kher V, Williamson D,
et al. Primary outcomes of the monitoring in dialysis study indicate that clinically
significant arrhythmias are common in hemodialysis patients and related to dialytic
cycle. Kidney Int (2018) 93(4):941–51. doi: 10.1016/j.kint.2017.11.019

45. Murtagh FE, Addington-Hall J, Higginson IJ. The prevalence of symptoms in
end-stage renal disease: a systematic review. Adv Chronic Kidney Dis (2007) 14(1):82–
99. doi: 10.1053/j.ackd.2006.10.001
Frontiers in Nephrology 09
46. Weisbord SD, Fried LF, Mor MK, Resnick AL, Unruh ML, Palevsky PM, et al.
Renal provider recognition of symptoms in patients on maintenance hemodialysis. Clin
J Am Soc Nephrol. (2007) 2(5):960–7. doi: 10.2215/CJN.00990207

47. Sabbatini M, Minale B, Crispo A, Pisani A, Ragosta A, Esposito R, et al.
Insomnia in maintenance haemodialysis patients. Nephrol Dial Transplant (2002) 17
(5):852–6. doi: 10.1093/ndt/17.5.852

48. Iliescu EA, Coo H, McMurray MH, Meers CL, Quinn MM, Singer MA, et al.
Quality of sleep and health-related quality of life in haemodialysis patients. Nephrol
Dial Transplant (2003) 18(1):126–32. doi: 10.1093/ndt/18.1.126

49. Mucsi I, Molnar MZ, Ambrus C, Szeifert L, Kovacs AZ, Zoller R, et al. Restless
legs syndrome, insomnia and quality of life in patients on maintenance dialysis.
Nephrol Dial Transplant (2005) 20(3):571–7. doi: 10.1093/ndt/gfh654

50. Selvaraj N, Narasimhan R. Detection of sleep apnea on a per-second basis using
respiratory signals. Conf Proc IEEE Eng Med Biol Soc (2013) 2013:2124–7. doi: 10.1109/
EMBC.2013.6609953

51. Campos I, Chan L, Zhang H, Deziel S, Vaughn C, Meyring-Wösten A, et al.
Intradialytic hypoxemia in chronic hemodialysis patients. Blood Purif (2016) 41(1-
3):177–87. doi: 10.1159/000441271

52. Meyring-Wösten A, Zhang H, Ye X, Fuertinger DH, Chan L, Kappel F, et al.
Intradialytic hypoxemia and clinical outcomes in patients on hemodialysis. Clin J Am
Soc Nephrol. (2016) 11(4):616–25. doi: 10.2215/CJN.08510815

53. Broers NJH, Martens RJH, Cornelis T, van der Sande FM, Diederen NMP,
Hermans MMH, et al. Physical activity in end-stage renal disease patients: the effects of
starting dialysis in the first 6 months after the transition period. Nephron (2017) 137
(1):47–56. doi: 10.1159/000476072

54. Wilkinson TJ, Clarke AL, Nixon DGD, Hull KL, Song Y, Burton JO, et al.
Prevalence and correlates of physical activity across kidney disease stages: an
observational multicentre study. Nephrol Dial Transplant (2021) 36(4):641–9. doi:
10.1093/ndt/gfz235

55. Huang M, Lv A, Wang J, Xu N, Ma G, Zhai Z, et al. Exercise training and
outcomes in hemodialysis patients: systematic review and meta-analysis. Am J Nephrol.
(2019) 50(4):240–54. doi: 10.1159/000502447

56. Heiwe S, Jacobson SH. Exercise training for adults with chronic kidney disease.
Co ch r ane Da ta ba s e S y s t R e v 2011 ( 10 ) :CD003236 . do i : 1 0 . 1 002 /
14651858.CD003236.pub2

57. Clarkson MJ, Bennett PN, Fraser SF, Warmington SA. Exercise interventions for
improving objective physical function in patients with end-stage kidney disease on
dialysis: a systematic review and meta-analysis. Am J Physiol Renal Physiol (2019) 316
(5):F856–f72. doi: 10.1152/ajprenal.00317.2018

58. Deligiannis A, D’Alessandro C, Cupisti A. Exercise training in dialysis patients:
impact on cardiovascular and skeletal muscle health. Clin Kidney J (2021) 14(Suppl 2):
ii25–33. doi: 10.1093/ckj/sfaa273

59. Selvaraj N. (2014). Long-term remote monitoring of vital signs using a wireless
patch sensor, in: 2014 IEEE Healthcare Innovation Conference (HIC), , Vol. 2014.

60. Carrero JJ, Thomas F, Nagy K, Arogundade F, Avesani CM, Chan M, et al.
Global prevalence of protein-energy wasting in kidney disease: a meta-analysis of
contemporary observational studies from the international society of renal nutrition
and metabolism. J Ren Nutr (2018) 28(6):380–92. doi: 10.1053/j.jrn.2018.08.006

61. Koppe L, Fouque D, Kalantar-Zadeh K. Kidney cachexia or protein-energy
wasting in chronic kidney disease: facts and numbers. J Cachexia Sarcopenia Muscle
(2019) 10(3):479–84. doi: 10.1002/jcsm.12421

62. Fouque D, Kalantar-Zadeh K, Kopple J, Cano N, Chauveau P, Cuppari L,
et al. A proposed nomenclature and diagnostic criteria for protein-energy wasting in
acute and chronic kidney disease. Kidney Int (2008) 73(4):391–8. doi: 10.1038/
sj.ki.5002585

63. Obi Y, Qader H, Kovesdy CP, Kalantar-Zadeh K. Latest consensus and update
on protein-energy wasting in chronic kidney disease. Curr Opin Clin Nutr Metab Care
(2015) 18(3):254–62. doi: 10.1097/MCO.0000000000000171

64. Selvaraj N, Doan T. Performance of energy expenditure assessment using a chest-
worn wireless patch sensor. 2014 4th international conference on wireless mobile
communication and healthcare - transforming healthcare through innovations in
mobile and wireless technologies (MOBIHEALTH), Technical Report Vol. 2014.
(2014). pp. 3–5.

65. Cook WL, Tomlinson G, Donaldson M, Markowitz SN, Naglie G, Sobolev B,
et al. Falls and fall-related injuries in older dialysis patients. Clin J Am Soc Nephrol.
(2006) 1(6):1197–204. doi: 10.2215/CJN.01650506

66. Kutner NG, Zhang R, Huang Y, Wasse H. Falls among hemodialysis patients:
potential opportunities for prevention? Clin Kidney J (2014) 7(3):257–63. doi: 10.1093/
ckj/sfu034

67. Papakonstantinopoulou K, Sofianos I. Risk of falls in chronic kidney disease. J
Frailty Sarcopenia Falls (2017) 2(2):33–8. doi: 10.22540/JFSF-02-033

68. Narasimhan R. (2012). Skin-contact sensor for automatic fall detection, in: Conf
Proc IEEE Eng Med Biol Soc, , Vol. 2012. pp. 4038–41.
frontiersin.org

https://doi.org/10.1097/HJH.0000000000002039
https://doi.org/10.1097/HJH.0000000000002039
https://doi.org/10.2147/VHRM.S350006
https://doi.org/10.2147/VHRM.S351313
https://doi.org/10.1093/ajh/hpx059
https://doi.org/10.1088/2057-1976/ab3ac9
https://doi.org/10.5664/jcsm.9168
https://doi.org/10.3389/fphys.2015.00149
https://doi.org/10.1016/j.kint.2016.12.008
https://doi.org/10.1053/j.jrn.2018.06.005
https://doi.org/10.1159/000485153
https://doi.org/10.1159/000485153
https://doi.org/10.1093/ndt/gfx335
https://doi.org/10.1186/s12882-018-0983-5
https://doi.org/10.1109/EMBC.2013.6610948
https://doi.org/10.2215/CJN.09350915
https://doi.org/10.1111/j.1525-139X.2007.00281.x
https://doi.org/10.1161/CIRCULATIONAHA.114.009024
https://doi.org/10.1016/j.ekir.2020.10.020
https://doi.org/10.1016/j.kint.2017.11.019
https://doi.org/10.1053/j.ackd.2006.10.001
https://doi.org/10.2215/CJN.00990207
https://doi.org/10.1093/ndt/17.5.852
https://doi.org/10.1093/ndt/18.1.126
https://doi.org/10.1093/ndt/gfh654
https://doi.org/10.1109/EMBC.2013.6609953
https://doi.org/10.1109/EMBC.2013.6609953
https://doi.org/10.1159/000441271
https://doi.org/10.2215/CJN.08510815
https://doi.org/10.1159/000476072
https://doi.org/10.1093/ndt/gfz235
https://doi.org/10.1159/000502447
https://doi.org/10.1002/14651858.CD003236.pub2
https://doi.org/10.1002/14651858.CD003236.pub2
https://doi.org/10.1152/ajprenal.00317.2018
https://doi.org/10.1093/ckj/sfaa273
https://doi.org/10.1053/j.jrn.2018.08.006
https://doi.org/10.1002/jcsm.12421
https://doi.org/10.1038/sj.ki.5002585
https://doi.org/10.1038/sj.ki.5002585
https://doi.org/10.1097/MCO.0000000000000171
https://doi.org/10.2215/CJN.01650506
https://doi.org/10.1093/ckj/sfu034
https://doi.org/10.1093/ckj/sfu034
https://doi.org/10.22540/JFSF-02-033
https://doi.org/10.3389/fneph.2023.1148565
https://www.frontiersin.org/journals/nephrology
https://www.frontiersin.org

	Digital health technology to support care and improve outcomes of chronic kidney disease patients: as a case illustration, the Withings toolkit health sensing tools
	Introduction
	Digital health tools: the example of Withings as a multiplexed integrated web-based architecture system
	Analytic description: pervasive and non-intrusive connected tools
	Advanced analytics: expert systems, threshold alarms
	Feedback and alarm sent to user and reference center

	Clinical potential of digital remote tools: the example of dialysis-dependent chronic kidney disease patients’ management, the case for Withings technology
	Challenges and threats of digital health technology
	Expected results and future development
	Take home message
	Author contributions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


