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REVIEW

Wearable sensors: can they benefit patients with chronic kidney disease?
Fokko Pieter Wieringaa,b, Natascha Juliana Hendrika Broersb, Jeroen Peter Koomanc, Frank M. Van Der Sandec

and Chris Van Hoofa,d

aimec The Netherlands – Wearable Health Solutions, Eindhoven, The Netherlands; bMaastricht University, Faculty of Health, Medicine and Life
Sciences, Maastricht, The Netherlands; cMaastricht UMC+ – Internal Medicine, Division of Nephrology, Maastricht, The Netherlands; dKatholieke
Universiteit Leuven-ESAT, Leuven, Belgium

ABSTRACT
Introduction: This article ponders upon wearable medical measurement devices in relation to Chronic
Kidney Disease (CKD) and its’ associated comorbidities – and whether these might benefit CKD-patients.
We aimed to map the intersection(s) of nephrology and wearable sensor technology to help technol-
ogists understand medical aspects, and clinicians to understand technological possibilities that are
available (or soon will become so).
Areas covered: A structured literature search on main comorbidities and complications CKD patients
suffer from, was used to steer mini-reviews on wearable sensor technologies clustered around 3 themes
being: Cardiovascular-related, diabetes-related and physical fitness/frailty. This review excludes wear-
able dialysis – although also strongly enabled by miniaturization – because that highly important theme
deserves separate in-depth reviewing.
Expert commentary: Continuous progress in integrated electronics miniaturization enormously
lowered price, size, weight and energy consumption of electronic sensors, processing power,
memory and wireless connectivity. These combined factors boost opportunities for wearable
medical sensors. Such devices can be regarded as enablers for: Remote monitoring, influencing
human behaviour (exercise, dietary), enhanced home care, remote consults, patient education and
peer networks. However, to make wearable medical devices succeed, the challenge to fit them into
health care structures will be dominant over the challenge to realize the bare technologies
themselves.
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1. Introduction

In the broadest sense, the term chronic kidney disease (CKD)
encompasses all degrees of decreased renal function, from
damaged/at risk via mild, moderate, and severe chronic kidney
failure. CKD is a costly and rapidly growing worldwide public
health problem. A recent thorough meta-study revealed a
consistent estimated global CKD prevalence (counting all five
CKD-stages) between 11% and 13%, from which the majority
was at CKD-stage 3 (6.4–8.9%) [1].

The development of CKD often is diagnosed in a relatively
late stage because it does not present clear and distinct
warning symptoms in the early stages. While CKD progresses,
it cumulatively increases the chance of damage to other parts
of the body, thus inducing additional medical problems (com-
plications and comorbidities). CKD-attributable cardiovascular
disease (CVD) risk increases rapidly by several-fold through
CKD-stages 3–5, particularly in CKD-stages 4 and 5. CKD
increases CVD morbidity and mortality risks in diabetic
patients by two- to fourfold and – in patients with diabetes
and hypertension – even by four- to eightfold [2].

Once end-stage renal disease (ESRD) is reached, either
transplantation or dialysis is needed to prevent an other-
wise certain death. From these two, transplantation is by far
the preferred treatment (provided the patient is suited for

it), but there is a shortage of donor organs. Unfortunately,
despite the undoubted usefulness as a life-maintaining ther-
apy, chronic dialysis itself inflicts collateral damage that
accumulates over the years, especially with regard to CVD,
which may augment the pathology related to renal failure
per se [3]. Other comorbidities in dialysis patients are renal
bone disease and diabetes. For CVD and diabetes, the
adverse relationships with CKD are mutual: Both diabetes
and CVD in turn are known as important factors for devel-
oping CKD and aggravation toward ESRD.

Progression of CKD is often accompanied by a decreasing
level of physical activity (PA). In ESRD patients, physical
inactivity is very common and associated with an increased
risk of predominantly cardiovascular mortality. PA programs,
on both group- and personal level, are often difficult to
implement in this patient group due to high costs and
lack of motivation. On top of that, in its early stages, CKD
can remain concealed because of sarcopenia, via misleading
low serum creatinine due to sarcopenia-induced decreased
creatinine release [4].

This review aims to investigate whether the above-listed med-
ical challenges might be better investigated, managed, or even (if
only partly) alleviated by utilization of miniaturized wearable sen-
sor technology for personalized treatment of CKD patients.
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2. Methods

To compose an overview of recent publications about chal-
lenges related to CKD, we first performed a structured litera-
ture search in the PubMed database for complications and
comorbidities strongly associated with CKD.

Part A of Figure 1 depicts the applied PubMed search
criteria and inclusion/exclusion process. This structured search
resulted in the inclusion of 23 medical review articles [4–25].

Part B of Figure 1 illustrates how the 23 articles included in
part A were then scanned for challenging issues with rele-
vance to measurement technologies. The identified challenges
were grouped into three (gross) clusters, being:

● CKD in connection with CVD-, congestive heart failure
(CHF)-, and chronic obstructive pulmonary disease
(COPD)- related parameters (13/23)

● CKD in connection with diabetes-related parameters (6/23)
● CKD in connection with fitness/frailty-related parameters

(10/23)

To subsequently match the identified CKD-related medical
complications and comorbidities with technological possibili-
ties for unobtrusive wearable sensor technologies, for each of

these three clusters, dedicated PubMed searches were per-
formed using the identified category key words in combina-
tion with technology-oriented terms like wearable,
monitoring, measurement, sensor, mobile, technology,
e-health, telemonitoring, etc. PubMed was also searched in
the general context of more human factor-oriented terms
like usability, e-health, telemedicine human factor engineer-
ing, and adaptation of innovative medical technology. These
additional searches were not performed using a rigid prede-
fined query. This proved to be quite undoable (mainly due to
the gaps between medical and technological disciplines).

Within the context of this article, the loose term ‘wearable’
is applied as a synonym for the official technological term
‘body worn’ as defined within the international International
Electrotechnical Committee (IEC) standards on medical devices
(see Figure 2).

3. Findings

3.1. General aspects for wearable medical devices

For the development of any medical device, details are highly
important [26]. But for wearable medical devices, all details
just count even more and heavily interact with each other.

Figure 1. Part A) Applied structured literature search for recent medical reviews on complications and comorbidities in CKD. The vertical arrows in part A indicate the
inclusion path of medical reviews. Part B) The resulting 23 medical reviews were scanned for measurement challenges for which wearability might be enabling and
clustered in 3 medical work fields. Then (per cluster) separate cross-searches were done on technical literature (horizontal input arrows in part B) about the identified
measurement parameters. A mini-review on more general factors around wearable medical sensors completed part B. The output of Figure 1 forms the input for Figure 3.
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Andreoni et al. recently published an article clearly illustrating
this very aspect (see Figure 3) [27]. These authors underline
that for wearable medical devices, esthetics, function, and
technology are strongly interdependent, and they describe a
systematic workflow, starting from function: First ask what task
or pathology is considered. Then – from this first aspect – the
signal of interest and corresponding sensor technology is
derived. Reaching the starting point around function in the
workflow shown in Figure 3 can be achieved following the
method earlier depicted in Figure 1. From here, further tech-
nological choices and requirements then can be defined
accordingly. In parallel, from the identified task or pathology,
also esthetical requirements for wearability (e.g. elasticity and
conformability) descend. These, in turn, also influence the
definition of shapes, body position, and size of the device.

All these are in strong correlation with technological
choices [27].

Wearable medical devices are highly associated with the
term telehealth, a collection of means or methods, not a spe-
cific clinical service, to enhance care delivery and education.
Within the telehealth field, optimistic ‘Technology-push’ publi-
cations are abundant, whereas studies on reasons why tele-
health projects are discontinued are rare, but precisely these
provide extremely valuable lessons [28–30]. Important general
findings for wearables (applicable to all three clusters) are:

● Extra attention for risk analysis: For any medical device,
risk assessment is mandatory, but for wearable devices
intended for use in daily life, the risk assessment must
cover a wider variety of scenarios. The IEC safety

Figure 2. Relationship of official terms used to describe various degrees of equipment portability within the world-wide applicable series of IEC standards on
medical equipment. Reproduced with permission from NEN, Delft IEC 60601-1 Amendment 1 of 2012, figure A.20. © NEN.

Figure 3. Graphical representation of the workflow when designing a wearable health device and the abundancy of mutual interactions between several factors.
The information needed to fill-in the conditions around the ‘Function’ starting point, can be gathered by the method shown in Figure 1. Reproduced (with
permission) from Andreoni et al [27].
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standard on medical devices for home use explicitly lists
many points of attention for wearable (IEC term ‘body-
worn’) devices [31].

● Practical added value for all involved parties: The measured
parameter should indeed form a useful and recognizable
contribution to quality-of-life for patients, be perceived as
a useful tool by nurses and doctors, and be cost-effective
for health-care insurers. Obtained measurements should
be reliable or (if reliability fluctuates) at the least a level of
confidence should be indicated. Gimmicks initially may be
appealing, but if no practical added value is perceived,
patients will cease wearing them.

● Unobtrusiveness: A wearable should not become a burden.
Only patients can make the final judgment whether gain in
their daily life outweighs any discomfort from the device.

● Ruggedness: Wearables ideally should increase patients’
freedom to move around and perform their normal daily
routines, instead of being limiting. They thus should be
rugged enough to withstand being dropped on the floor,
banged against a door, or get wet in the rain. The world-
wide IEC standard for medical devices intended for use at
home and in other daily life specifically states that for
wearables outdoor use is reasonably foreseeable and
requires at least an IP22 protection level (protection
against ingress of fingers or similar-size objects, also
vertically dripping water shall have no harmful effect
when the enclosure is tilted at an angle up to 15° from
its normal position) [31].

● User-friendly and hassle free: Most CKD patients are old,
and many have diabetes with numb finger tips from
blood sample needles and/or impaired eyesight. Also
rheumatism, tremors, impaired vision, and low hand
strength raise the bar when designing wearables for
this patient group. Great attention is, e.g. needed for
easy battery charge (or exchange) and for battery life
maximization. Screens should be well readable, and con-
trols should be intuitive and feel good. The applicable
IEC standard contains numerous requirements like these
(and in the accompanying rationale section also explains
the backgrounds for these requirements) [31].

● Connectivity and cyber security: Wearables will go everywhere
with the wearer and almost always will have a form of
(mostly wireless) connectivity [32]. This implies that specific
and thorough precautions must be taken to warrant correct
storage and transfer of data and protect privacy.

● Smart automated recognition of meaningful events: In the
earliest years of ECG Holter recording, cardiologists would
have to visually scanmany hours of ECG traces for abnorm-
alities. Nowadays, Holter recordings are automatically pre-
analyzed, and physicians only have to judge the high-
lighted anomalies. It is clear that long-term recording of a
plurality of various patient parameters even more needs to
be preprocessed and scanned for meaningful patterns to
avoid ‘drowning’ clinicians in a flood of raw traces.

For medical professionals, patients, and media reporters, it
is important to know that engineers express the maturity of
technological developments for real-world application on a

Technology Readiness Level (TRL) scale. The TRL approach
originated from NASA, but meanwhile several TRL scales
exist. The European Association of Research and Technology
Associations (EARTO) published a useful comparison of several
TRL scales (NASA/DOD, US-DoE, Horizon 2020, and EARTO)
[33]. Within this article, we applied the NATO TRL scale speci-
fically recommended for medical devices (see Table 1 for an
excerpt) [34]. This is because portability and wearability, as
well as ruggedness, battery life, accuracy, safety, and ease-of-
use, play a crucial role in military practice.

Presently, various strongly miniaturized functional modules
for the measurement of a wide variety of medical parameters
are available on the market in the form of ready-to-fit electro-
nic components with TRL9 (i.e. for the component). Such
components can be so small that their weight and size are
negligible compared to the size and weight of a battery plus
the electrodes and/or probes that form the essential interface
to be body (see Figure 4).

Presently, several commercial parties offer various minia-
ture sensors, either for single measurement parameters or
for a whole set of them [36]. But bare core technology is
just one of the essential ingredients. To make wearable
medical devices succeed, challenges have shifted more
toward maximizing ergonomy and fitting applications into
health-care structures, which each highly influence the final
product TRL.

The rest of this section describes additional specific findings
per cluster, for various identified parameters. Per parameter, a
score is indicated between brackets, indicating in how many of
the initially selected 23 review articles that parameter was high-
lighted as important. This medical need score is also depicted in
the vertical arrows within part B of Figure 1.

3.2. CKD in connection with CVD-, CHF-, and COPD-
related parameters (13/23)

People with CKD are 5–10 times more likely to die prema-
turely than they are to progress to ESRD. This increased risk
of death rises exponentially as kidney function worsens and
is largely attributable to death from CVD [37]. CVD and CKD
are intricately connected, as CVD continues to be the most
common cause of morbidity and mortality in patients with
CKD and ESRD [8]. Placement of CHF into this cluster is
obvious. COPD was added to this cluster because some
measurement parameters relevant for CVD and CHF also
are relevant for COPD [38]. Prevalence of concealed (i.e.
reduced estimated glomerular filtration rate despite normal
serum creatinine) and overt (i.e. reduced estimated glomer-
ular filtration rate with increased serum creatinine) CKD in
older patients with COPD have been reported to be 20.8%
and 22.2%, respectively [4].

3.2.1. Blood pressure (6/23)
Many CKD patients suffer from hypertension that insufficiently
responds to therapy (resistant hypertension). Citing Rossignol
et al.: ‘Chronic kidney disease is the most frequent of several
patient factors or comorbidities associated with resistant hyper-
tension. True resistant hypertension is a diagnosis of exclusion
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because all other potential causes (e.g. pseudo resistance asso-
ciated with poor adherence, endocrine and vascular causes, and
white coat hypertension) must all first be excluded. Most epide-
miological studies, however, lack key elements (e.g. medication
doses, adherence, and aetiology assessments are mostly lacking,
while ABPM is scarcely used) to define true resistant hyperten-
sion’ [19]. Unobtrusive and accurate wearable blood pressure
(BP) measurement would thus be a great advantage for the
management of hypertension, which is very well illustrated in
a recent review – dedicated to management of hypertension
in CKD – by Parati et al. [39]. Their diagram (reproduced in
Figure 5) clearly illustrates the added value of ambulatory BP
measurement for definite diagnosis.

Technologies for wearable noninvasive BP measurement
can grossly be divided in two categories, with and without
pressure cuff:

Cuff-based BP devices need an air pump, which is relatively
bulky and (in case of an automated system) energy consum-
ing. The cuff is usually also perceived as a nuisance, especially
when inflated. Yet, recently quite unobtrusive cuff-based BP
measurement was integrated in an experimental wristwatch
by Omron (TRL6-7) and presented at the CES 2017 tradeshow.
By far, the most cuff-based methods provide discontinuous
measurements: They create temporary blood vessel occlusion
and detect blood flow restoration onset and completion by
sensing Korotkoff sounds, ultrasound/Doppler, or pressure
pulsations. A continuous cuff-based BP method is the
Finapres principle, where a finger probe measures optical
tissue transmission and the cuff pressure automatically is
very quickly adjusted to keep the optical transmission con-
stant. Via this servo loop, the cuff pressure ‘follows’ the arterial
pressure. This is a TRL9 method, which has been in use for

Table 1. Abstract of NATO Biomedical Technology Readiness Levels (TRLS) as recommended for medical devices by Task Group HFM-130 of the NATO Research and
Technology Organization [34]. Any TRLs in this article are assigned using this scale.

NATO Technology Readiness Levels for Medical Devices

1) Basic Principles Observed and Reported in the Context of a Military Capability Shortfall
Lowest level of technology readiness.
TRL 1 Decision Criterion: Scientific literature reviews and initial Market Surveys are initiated and assessed. Potential scientific application to defined problems is
articulated.

2) Technology Concept and/or Application Formulated
Invention begins. Intense intellectual focus on the problem with generation of scientific ‘Paper Studies’ that review and generate research ideas, hypothesis, and
experimental designs for addressing the related scientific issues.

TRL 2 Decision Criterion: Hypothesis(es) generated. Research plans and/or protocols are developed, peer reviewed, and approved.
3) Analytical and Experimental Critical Function and/or Characteristic Proof of Concept
Active research and development is initiated. Basic research, data collection, and analysis begin in order to test hypothesis, explore alternative concepts, and
identify and evaluate component technologies. Initial tests of design concept and evaluation of candidate(s).

TRL 3 Decision Criterion: Study end points defined. Animal models (if any) are proposed. Design verification, critical component specifications, and tests (if a
system component or necessary for device Test & Evaluation) developed.

4) Component and/or Breadboard Validation in Laboratory/Field Environment
Basic technology components are integrated to establish that they will work together. Basic laboratory research to refine hypothesis and identify relevant
parametric data required for technological assessment in a rigorous (worst case) experimental design. Exploratory study of candidate device(s)/systems (e.g.
initial specification of device, system, and subsystems). Candidate devices/systems are evaluated in laboratory and/or animal models to identify and assess
potential safety problems, adverse events, and side effects. Procedures and methods to be used during nonclinical and clinical studies in evaluating candidate
devices/systems are identified.

TRL 4 Decision Criterion: Proof-of-concept demonstrated for candidate devices/systems and laboratory/animal models defined. Initial device master record
completed.

5) Component and/or Breadboard Validation in a Relevant (Operating) Environment
Fidelity of subsystem (breadboard) representation increases significantly. Further development of selected candidate technologies. Devices compared to existing
modalities and indication for use and equivalency demonstrated in model systems. Examples include devices tested through simulation in tissue or organ
models or animal models if required. All component suppliers/vendors are identified and qualified. Vendors for critical components audited for GMP
compliance. Component tests, component drawings, and device master record verified. Product development plan drafted.

TRL 5 Decision Criterion: Regulatory authorities have reviewed submissions of required data to determine if clinical trials may proceed.
6) System/Subsystem Model or Prototype Demonstration in a Realistic (Operating) Environment or Context
Representative model or prototype system, which is well beyond the representation tested for TRL 5, is tested in a more realistic laboratory or simulated
operational environment. Represents a major step up in a technology’s demonstrated readiness. First-phase clinical trials conducted to demonstrate the safety
of the candidate device in a small number of humans under carefully controlled and intensely monitored clinical conditions. Validation of the master plan for
critical components and final device assembly. Production technology demonstrated through production-scale GMP plant qualifications.

TRL 6 Decision Criterion: Data from first-phase trials meet national clinical safety requirements and support proceeding to next phase of clinical studies.
7) System Prototype Demonstration in an Operational Environment or Context (e.g. Exercise)
Prototype near or at planned operational system level. Represents a major step up from TRL 6, requiring the demonstration of an actual system prototype in an
operational environment, such as in a relevant platform or in a system-of-systems. Second-phase clinical effectiveness and safety trials are conducted with a
fully integrated device prototype in an operational environment. Continuation of closely controlled studies of effectiveness and determination of short-term
adverse events and risks associated with the candidate product. Functional testing of candidate devices is completed and confirmed, resulting in final selection
of prototype device. Regulatory agencies have approved continued development and testing.

TRL 7 Decision Criterion: Second-phase clinical effectiveness and safety trials are completed. Final product design is validated, and final prototypes and/or initial
commercial scale devices are produced. Data are collected, presented, and discussed with regulatory agencies. Agencies support continued development.
Clinical end points and test plans agreed to by regulatory agencies. Next-phase clinical study plan is approved.

8) Actual System Completed and Qualified through Test and Demonstration
Technology has been proven to work in its final form and under expected conditions. Implementation of expanded controlled and uncontrolled phase 3 trials to
gather information relative to the safety and effectiveness of the device. Trials are conducted to evaluate the overall risk–benefit of using the device, and to
provide an adequate basis for product labeling. Process validation completed and followed by lot consistency/reproducibility studies.
TRL 8 Decision Criterion: Approval of the device by national or international regulatory authorities.

9) Actual System Operationally Proven through Successful Mission Operations
Application of the technology in its final form and under mission conditions. Post-Marketing studies (clinical or nonclinical) may be required by national or
international regulatory authorities.

TRL 9 Decision Criterion: None – continue (Post-marketing) surveillance.
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Figure 4. (a) Monitoring opportunities for wearable devices in CKD management, illustration adapted and modified (with permission) from Kooman et al [35]. (b) Example
of a modern system-on-chip (SoC) with on-board digital signal processing and multi-parameter monitoring capability for several days on a single (2.9–4.5V) battery charge.
On-board measurement modalities: 3 ECG channels, PPG (2 photodetector & 4 LED channels), galvanic skin response (GSR), multi-frequency bio-impedance (BIO-Z)
channels, and 3 reconfigurable analog channels (e.g. for EEG, EMG). Shown is an 7x8mm unpackaged bare chip laid on top of a 10x10mm packaged chip (photo imec).

Figure 5. Classification of patients based on the comparison of conventional office blood pressure (CBP) and home (HBP) or ambulatory blood pressure (ABP)
levels. Distinction is made between untreated individuals (a) and in treated hypertensive patients (b). Reference threshold values for ambulatory BP levels
during daytime (i.e. 135/85 mm Hg), 24 hours (i.e. 130/80 mm Hg), and night time (i.e. 120/70 mm Hg) and for average HOME BP levels (i.e. 135/85 mm Hg)
are provided according to recent guidelines from the Working Group on Blood Pressure Monitoring of the European Society of Hypertension.
Figure reproduced with permission from Parati et al [39].
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decades, but it needs periodic traditional cuff-based
calibration.

Cuffless BP measurement is much less intrusive and possible
using various principles. The two main technologies are:

● Pulse transit time (PTT, see Figure 6(a)): Exploits pressure
dependency of pressure waves’ travelling speed through
fluid-filled elastic tubes. It measures the time that it takes
the arterial pulse wave to travel between two spots
(proximal and distal) located at a known distance from
each other. The pulse wave is measured by, e.g. photo-
plethysmography (PPG), piezo, or bioimpedance.

● Pulse arrival time (PAT, see Figure 6(b)): Also exploits pres-
sure dependency of pressure waves’ travelling speed
through fluid-filled elastic tubes, but with a different refer-
ence. PAT uses the ECG R-top as a reference and measures
(e.g. by PPG, piezo, or bioimpedance) the time of arrival of
the mechanical pulse wave, e.g. at the radial artery in the
wrist (or another well-accessible artery) or (at somewhat
reduced accuracy) a fingertip [40]. Note that, because it
uses the ECG R-top as a reference, PAT includes the pre-
ejection period of the heart which is determined by the
ventricular electromechanical delay and isovolemic

contraction phase and can vary with contractility and
afterload, thus adding additional uncertainty.

PTT and PAT both need individual calibration (e.g. daily) and then
(in principle) allow for continuous beat-to-beat BP measurement,
but both methods remain still around TRL6-7. For both technolo-
gies, experimental embodiments wearable at the wrist or arm
have been demonstrated [41]. Note that, unfortunately, the
terms PAT and PTT are frequently mixed-up in literature. Recent
work from Gao et al. may clarify details for interested readers [42].

Whichever cuffless technology may be considered, BP accu-
racy always should match the requirements from a dedicated
test standard, issued by the Institute of Electrical and
Electronics Engineers [43].

3.2.2. Anemia (4/23)
Anemia is very commonly seen in CKD patients. Human red
blood cells have a typical life span of 120 days, and normally,
the body daily replaces about 1% of these cells (erythropoi-
esis). The kidneys play a steering role in this process via the
cytokine erythropoietin (Epo). With progression of kidney dis-
ease, the automated steering via the kidneys gradually
decreases. Fortunately, development of anemia usually is a

Figure 6. Two principles for cuffless blood pressuremeasurement exploiting the pressure dependency of pulse wave velocity. a) Pulse Transit Time (PTT) using 2 PPG sensors at
a known distance from each other, (e.g. proximal & distal on a limb), and b) Pulse Arrival Time (PAT) using ECG as a reference and 1 PPG sensor at a known distance from the
heart.

EXPERT REVIEW OF MEDICAL DEVICES 7



slow process. Except for substantial bleeding, changes in
hemoglobin (Hb) level normally occur slowly in a nonhospita-
lized setting. Typical, the Hb level of ESRD patients is tested
from blood samples taken about once every 4–6 weeks and
less frequent for early-stage CKD patients.

From a clinical point of view, there is no urgency in realiz-
ing wearable anemia monitoring. It would only save a few cc’s
of blood every 4–6 weeks. Yet, from patient perspective, any
reduction of blood withdrawal may be interesting (provided it
does not bring another burden instead).

Technologies devices for routine full blood in-line monitor-
ing during hemodialysis (HD) of Hb (as well as related para-
meters like blood volume) are already available. These may
help to fine-tune treatment of patients in the ESRD stage
(where full blood is easily optically accessible during HD) but
cannot be applied for earlier CKD stages. For continuous
through-the-skin optical noninvasive Hb monitoring (NIHb or
SpHb), portable bedside equipment (e.g. within operating
rooms or intensive care units) also is already on the market,
but accuracy presently still needs improvement [44,45]. The
optical measurement principle is strongly related to pulse
oximetry, and it is likely that over the coming years through-
the-skin Hb-measurement accuracy can be further improved
and miniaturized to pocket size (for periodic Hb-check). From
a technological point of view, it may even fit into a wearable
continuous monitoring solution. But for the typical non-acute
chronic care setting, continuous Hb-monitoring is not needed.
A shorter interval then once every 4–6 weeks might bring only
marginal benefit for anemia management. If Hb could be
derived from hardware that is already worn on the body any-
how, this might be a nice add-on, but only if it is very inex-
pensive and does not add extra burden.

Given all the above considerations, if wearable anemia
monitoring will ever be developed, it will most likely merely
be a by-product from SpO2 functionality, already being
applied for cardiovascular monitoring.

3.2.3. ECG
Although not specifically spelled out in any of the selected 23
medical review articles, ECG is a vital parameter implicitly related
to this cluster. And the reviewed technical literature certainly
indicates abundant potential for improved management of
CKD by wearable ECG monitoring. Cardiac arrhythmias often
occur in CKD. Atrial fibrillation (AF) is the most common sus-
tained arrhythmia in patients with kidney disease, and risk
increases to as much as 10 times for those on HD [46]. AF has
even been called ‘the intersection of cardiovascular disease and
kidney disease,’ but it often remains undetected for prolonged
times [47]. Also for patients on peritoneal dialysis, AF indicates a
markedly increased risk for comorbidities and death so that
screening is recommended [48]. Compared to yearly intramural
12-lead screening-ECG, yearly Holter recordings (e.g. 3-lead) pro-
vide a markedly improved AF detection rate. Unobtrusive con-
tinuous wearable ECG (even just single-lead ECG) might further
improve early AF detection, due to the much longer recording
periods compared to a yearly single 24-h Holter.

Technologies for medical-grade wearable ECG measurement
are rapidly becoming available in various unobtrusive

embodiments like clothing [49], wristwatches [50], arm bands
[51], or adhesive patches [52]. The TRL-level of the wearable
core ECG-amplifier technologies can vary between 7 and 9. For
the user, the main practical differences lie in the physical embo-
diment. ECG needs electrodes placed on at least two different
body locations, with a direct electrical conductor path between
the ECG electronics and these electrodes. The smaller the dis-
tance between ECGelectrodes, the noisier the ECG becomes. This
is (at least partly) solvable with modern ECG-amplifier frontend
electronics. A bigger problem is that for diagnostic ECG interpre-
tation, well-defined electrode locations on the body are required.
An interesting wearable embodiment is a wristwatch with ECG
electrodepermanently in contact via thewatchbackside or inside
of the strap, whereas the other ECG electrode is on the front side
of the watch, isolated from the body and easy to touch with the
hand opposite of the watch. This enables periodic recording of
good-quality Lead I ECG.

Another important usability aspect is the applied type of
electrode. Gelled adhesive electrodes (TRL9) provide excellent
electrical contact, but they have a limited life-time and usually
are disposable (making them reusable likely induces hygiene
problems). Reusable dry electrodes integrated into clothes
(TRL7) or personal accessories (TRL8) can be used time and time
by the samepersonwithout any hassle for the user, but theymust
be as well cleanable and rugged as their normal ‘non-smart’
counterparts. Comfort of the user and avoidance of skin irritation
are paramount. Flexible soft-touch dry polymer electrodes avoid
mechanical discomfort and allergic skin reactions to metals [53].
Manchets of stretchable conductive textile can provide clothing
with embedded unobtrusive electrodes, and sewn-in watertight
electronics module with wireless datalink and charging would
complete the device. Regardless which technology is used, reu-
sable electrodes must be able to withstand prolonged daily life
(note that for clothes, this includes washing, drying, and folding;
possibly even ironing). New applications are on the horizon with
ECG technologies that do not even require direct contact with
bare skin. Present state-of-the-art high-input impedance micro-
electronic circuits can be sensitive enough to measure ECG
through normal clothing, using capacitive coupling (TRL6-7) [51].

The presently ongoing developments toward wearables are
already recognized and taken along within the presently
ongoing revision process for the worldwide IEC & ISO stan-
dards regarding ECG technologies.

3.2.4. PPG and pulse oximetry (SpO2)
Just as for ECG, neither PPG nor SpO2 was specifically men-
tioned as technologies within the 23 reviews of our medical
query. Yet, specific importance of blood oxygenation monitor-
ing during dialysis has recently been highlighted [3,54]. SpO2

monitoring also offers great potential for wearable measure-
ment in CVD, CHF, and COPD. As discussed in 3.2.1, combined
ECG and PPG, or simultaneous PPG from two locations, can be
utilized for cuffless BP measurement. Additionally, PPG wave-
form analysis can disclose simple arrhythmias like AF
[50,55,56]. Recently CE-marked ambulatory PPG-based AF
detection technology has reached the market (TRL9) [57].
SpO2 is derived from PPG signals of at least two wavelengths
(at the same location) so in principle it can be combined with
such functionalities (see also Figure 7). Furthermore, as
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discussed in 3.2.2, through-the-skin Hb-measurement builds
forth upon SpO2 technology. PPG and SpO2 (as well as PPG-
derived HbCO and methemoglobin measurement) are TRL9
technologies.

Technologies from a usability point of view, PPG and SpO2

have the great advantage – compared to ECG – that they can
be measured from single spot tissue contact practically any-
where on the body and that signals from different body sites
can be wirelessly synchronized. PPG waveform morphology
also contains a wealth of inherently present information on
cardiovascular system conditions, and a multitude of research
groups is working on algorithms (TRLs between 4 and 7) to
derive additional parameters from PPG (either from single or
multiple wavelengths) [58,59]. One of these parameters is
hemorrhage, which might become an asset for monitoring
during home HD (especially nocturnal) but currently is still at
TRL6 [58].

3.2.5. Fluid overload and body composition (6/23)
Being able to measure fluid overload building up before it
causes severe symptoms would be an asset to manage CHF
and/or COPD [38]. In COPD patients, both physical inactivity
due to exercise intolerance and systemic inflammation may
explain prevalent loss of fat-free mass. Hypoxia-driven
expansion of extracellular and intracellular water (ICW)
volumes may explain why malnutrition can occur despite
normal weight [4]. CKD patients with heart failure are extre-
mely fragile: They may develop cardiac decompensation or
renal failure from what otherwise would be harmless
changes in body fluid status, altered medication, or inter-
current illness [25]. Fluid overload and body composition
also are highly relevant in connection with fitness/frailty-
related parameters, which are discussed in section 3.4.

Technologies bioimpedance spectroscopy is a technology
suitable for embedding into wearables, and we discuss this
technology further in paragraph 3.4.2.

3.3. CKD in connection with diabetes-related parameters
(6/23)

CKD influences multiple systems; in addition to renal effects,
oxidative stress and inflammation offer the primary explana-
tion as to why patients with CKD are so highly likely to
experience concomitant type 2 diabetes and/or CVD [23]. In
people with diabetes and moderate-to-severe CKD, there is a
positive and linear relationship between participation in dia-
betes self-management activities (particularly those focused
on general diet, exercise, and medication taking) and higher
health-related quality of life (HRQOL) [60]. Wearables are
highly enabling for self-management.

Technology starting off from ‘laboratory desk top’ devices,
over the past decades, blood glucose measurement has been
successfully incorporated into reliable, rugged, and easy-to-
use pocket-size devices that offer diabetic patients a consider-
able amount of freedom. Yet, until a few years ago, they still
had to ‘close the loop’ themselves by several times/day mon-
itoring their blood glucose with capillary measurements and
adjusting their prandial mealtime insulin dose and basal insu-
lin dose [61]. Meanwhile, several wearable minimally invasive
continuous glucose monitoring (CGM) systems have reached
the market that typically use percutaneous electrochemical
sensor technology measuring glucose levels in the interstitial
fluid (and not directly from blood). Worldwide numerous
groups are working toward truly noninvasive blood glucose
measurement, e.g. by optical methods (Raman spectroscopy,
TRL7), opto-magnetic methods (exploiting light polarization

Figure 7. a) Transmission mode SpO2 probe (usage limited to thin body parts). b) Reflection mode SpO2 probe (in principle usable anywhere). c) Oxygenation-
dependent variation of the spectral absorption of hemoglobin. d) Gross categories of tissue components causing light absorption. The vertical axis is not drawn to
scale, in reality the pulsatile arterial component is much smaller than depicted here.
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and magnetical aspects from glucose, TRL4), and total internal
reflection-enhanced photothermal deflectometry (current
TRL5-6) [62,63]. Presently, however, only subcutaneous inter-
stitial enzyme glucose sensors are at TRL9 and so practical for
this purpose (with wireless data transmission-enhancing prac-
ticality). These sensors generate an electric current propor-
tional to local glucose concentration, and through a
calibration procedure, this current is converted into an esti-
mated blood glucose value [64]. Interstitial glucose measure-
ment suffers from a certain delay between changes in blood
glucose and interstitial fluid as well as signal drift over time
and gradual encapsulation of the sensor (which implies period
placement of a new sensor). The delay between actual blood
glucose and the measured interstitial glucose sensor signal
forms the main medical challenge, and it has led to consider-
able worldwide efforts to develop algorithms targeting to
estimate future blood glucose concentrations with a predic-
tion horizon around 30 min. Additional inherent technical
challenges are that CGM signals are noisy and their signal-to-
noise-ratio shows a certain intersensor variability (as well as
interbatch variability) which is cumbersome in combination
with the need for periodic sensor replacement. On top of
that, variability can also be observed between (interindividual)
and within (intraindividual) patients [61]. Fortunately, rapid
improvements addressing these challenges have been
achieved over the last years [65].

The next logical step is a wearable artificial pancreas
(AP) system, where a reliable CGM system drives a minia-
ture insulin pump via a microcomputer with adequate
processing power and practically useful battery life.
Indeed, such technologies and hardware solutions have
meantime become available and even have been demon-
strated to be usable as an AP system in trials under realis-
tic daily-life conditions [65–70]. Note, however, that these
trials pertained to selected patients within experimental
settings (TRL7-8). About two-third of the devices underway
in the innovation pipeline applies only insulin, and one-

third is intended for dosing both insulin and glucagon.
Although the latter may offer a way of achieving tighter
glycemic control and avoiding hypoglycemia, it also adds
new challenges: Glucagon is unstable in solution and
needs to be replaced about every 8 h; furthermore,
extreme precautions are needed against mix-up between
both hormones [66,71].

The rapid developments in this area imply a need for
consensus about safety requirements and recognized meth-
ods for performance test and comparison of AP devices, and
indeed, excellent studies on this already have been published
[64,72]. Recently, the Diabetes Technology Society published a
standard for Wireless Diabetes Device Security (DTSec version
1.0). The DTSec standard applies the general ISO/IEC 15408
framework of establishing security standards for information
and electronic systems to formulate specific security require-
ments for wireless diabetes devices [73].

3.4. CKD in connection with fitness/frailty-related
parameters (10/23)

A very important factor related to outcome in CKD patients is
PA, and it is well known that exercise on a regular basis is
beneficial for CKD patients [74–76]. It has been shown that
sedentary HD patients have a 62% higher mortality risk com-
pared with non-sedentary HD patients. Previous studies
already advocated that PA programs should be routinely
implemented in patient care for CKD/ESRD patients since
results showed strong associations between regular exercise
and better HRQOL scores, higher muscle mass, better physical
functioning, and longer survival [75,77–79] (see also Figure 8).

3.4.1. PA monitoring and stimulation (10/23)
PA programs are not overall routinely implemented in daily
(mainly in-center) dialysis care, underscoring the need for
awareness of this issue in current CKD care. Also, not much
attention is addressed to self-management with regard to PA

Figure 8. Diagram of potential adverse effects of sedentary behavior and chronic kidney disease and potential beneficial effects of exercise interventions, as
published by Johansen et al [79]. Reproduced with permission.

10 F. P. WIERINGA ET AL.



either [74]. This is remarkable since this might be a very
important possibility to increase PA in this patient group and
might also be a cost-effective solution. In addition, it recently
has been shown that multidimensional PA feedback using
graphics and visualizations may be very motivational and
support behavioral changes in patients with increased risk of
chronic diseases [80].

Modern technology, such as activity trackers and smart-
phone applications, could facilitate exercise programs for
patients on a personal level to remind and stimulate patients
to move and stay active, in daily life as well as, e.g. during
dialysis sessions.

Technology bodily movements usually are measured using
accelerometers, gyroscopes, or a combination of these. The
first commercial accelerometer was launched in 1936. It
weighed a pound, could only measure movements along
one axis, and costed 450 dollar (a fortune in those days) [81].
And we all know what a simple hand-held gyroscope weighs
and looks like from physics lessons at high school. Today,
teenagers use 4 × 4 × 0.9 mm-sized combined 3-axis gyro-
scope and accelerometer sensors of a few dollars for their
high-school science Arduino projects. Satellite navigation on
cell-phones allows precise walking/running track recording,
etc. There are numerous (commercial) activity trackers avail-
able which are validated by multiple studies [82–86] such as
the SenseWear armband® (BodyMedia Inc., Pittsburgh, PA,
USA), Fitbit® (Fitbit Inc., San Francisco, CA, USA), Garmin activ-
ity trackers (Garmin, Olathe, KS, USA), Jawbone (San Francisco,
CA, USA), and many more. Although recent research showed
that all these monitors did have error ranges in free-living
conditions [82–84], it is also suggested that these activity
trackers can offer an opportunity to stimulate health, fitness,
and quality of life [82,87], particularly when used for consu-
mer-based self-monitoring to encourage behavioral changes
[85]. Various studies have used and validated activity trackers
to measure PA in both healthy controls [88,89] and CKD
patients [90–92] and showed that this objective measure is
more accurate than self-reported PA by questionnaires, which
often over- or underestimates a patients’ PA level [93]. Studies
of Mercer et al. demonstrated that even in older adults with a
chronic illness, PA increased after wearing an activity tracker
[94,95]. But, appropriate behavior changing techniques, such
as individual goal setting and feedback on performance, sui-
table for elderly should be incorporated in the trackers [94,95],
and proper support with regard to setting-up the trackers and
interpretation of the data should be provided [94].

3.4.2. Body composition and fluid status monitoring (6/23)
Weight is the traditional parameter for fluid status monitoring
and weight + length (Body Mass Index) for body composition.
But a weight-based approach has limitations: The association
of obesity with poor outcomes is attenuated across more
advanced CKD stages and eventually reverses into ‘obesity
paradox.’ Frailty is closely associated with protein energy
wasting (PEW), muscle wasting, and cachexia, where muscle
loss shows stronger associations with unfavorable outcomes
than fat loss (while body weight cannot discern between
them) [17]. For diagnosis of PEW, various diagnostic criteria
apply such as biochemical markers (low serum albumin),

reduced body mass (such as declining body weight and low
dietary intake), and a reduction in muscle tissue [96]. Body
composition monitoring techniques able to distinguish
between fat mass, lean tissue mass, and fluid load thus are
highly relevant in CKD [97].

Technology bioimpedance analysis (BIA) applies an alternat-
ing current, typically at the wrist and at the ankle, and mea-
sures electric resistance and reactance. Mono-frequency BIA
devices typically use a frequency of 50 kHz. Multifrequency BIA
devices perform more accurate and typically use 5, 50, and
100 kHz. Empirical equations exist to convert measured impe-
dances into fat mass and fat-free mass. Accuracy improves
further if more frequencies are measured. Bioimpedance spec-
troscopy applies a wide frequency sweep at a plurality of
frequencies (typically ranging between 5 and 1000 kHz). For
lower frequencies, the current travels mainly around the cells,
while toward higher frequencies the current can increasingly
pass through the cell membranes. Measuring a whole spec-
trum allows differentiation between two compartments, being
extracellular water and ICW, with fat mass and fat-free mass
estimated using empirical equations. The combined efforts of
Moissl et al. and Chamney et al. resulted in a further refined
three-compartment model, which includes fluid overload as a
separate measurable compartment, enabling discrimination
between fluid overload and muscle mass [98,99]. BIA is opera-
tor independent and easy to use for nutritional and body
composition assessment in ESRD patients [100]. Present clin-
ical practice mainly applies bioimpedance spectroscopy with
portable equipment for bedside use, but this technology can
also be very well miniaturized and embedded in wearable
devices (see also Figure 4(b)).

4. Conclusion

For the management of CKD and its associated complications
and comorbidities, wearable monitoring devices offer a wide
range of opportunities to optimally mitigate CKD progression
speed and maximize quality of life:

● Wearable monitoring of BP, ECG, PPG, and/or SpO2 can
offer valuable guidance for personalized treatment of
comorbidities like CVD, CHF, and COPD.

● From the three identified clusters, the field of diabetes
management looks most mature in exploiting portability
of measurement devices. TRL9 pocket-sized devices for
periodic self-monitoring by a drop of blood from a finger
prick have undoubtedly and significantly contributed to
freedom of movement and quality of life for diabetics.
Wearable sensors for continuous blood glucose measure-
ments recently also reached TRL9 (although reimburse-
ment in many countries lags behind). Meanwhile even
several AP devices have reached TRL8, and promising
dual-hormone AP devices are already at TRL8.

● CKD is associated with premature ageing (including
frailty and sarcopenia). The most effective current inter-
ventions to modulate this premature ageing – in addi-
tion to treatment of the underlying disease – are optimal
nutrition, correction of the internal environment, and
exercise training [35]. Wearable devices that can measure
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the level of PA, motivate patients to exercise, and encou-
rage them to stick to (and advise on) their diet can be a
valuable tool.

● Because (due to sarcopenia-induced falsely low serum
creatinine) CKD often remains concealed in the elderly
and frail, reliable detection/quantification and/or moni-
toring of sarcopenia may by itself already form an impor-
tant contribution to the nephrologists’ toolkit to slow
down CKD progress. Reliable monitoring of fluid (over-
load) status (especially providing insights on fluid distri-
bution across the various bodily compartments) as well
as body composition (muscle, fat, and water) may greatly
enhance the nephrologists’ toolbox for affordable indivi-
dualized management of CKD patients. Bioimpedance
spectroscopy seems a promising technology for this pur-
pose, which can also easily be incorporated in wearable
devices.

● Ultimately, management of CKD might rather be tar-
geting ‘optimal body composition’ instead of ‘dry
weight.’ Combining all the discussed technologies into
an ‘ideal device’ may be difficult. Although electronic
chip technologies to produce multiparameter monitor-
ing in very small components already exist (Figure 4(b)
shows an example), the form factors of the accompa-
nying electrodes and other body interfaces dominate
practical embodiments. The same chip (or just some
functional blocks on it) might be applied in different
embodiments for different application sites and pur-
poses. Wireless body area networks could be a strategy
that allows combination of modules as needed without
too much hassle. Data compatibility, synchronization,
and integrity/safety aspects play a large role in any
wearable solution.

● The main challenges for the development of wearable
technologies are human factor engineering and creating
a care model that is attractive to health-care providers,
patients, and especially paying parties (health-care
insurers). Early involvement of all these three parties is
crucial for success.

5. Expert commentary

It is important (and in a broader sense than just for AP
systems) to take to heart the following statement from the
AP @Home Consortium: ‘In the past 40 years a frequent state-
ment made in publications and presentations about AP systems
was “in five years’ time such a system will be practically avail-
able.” Raising the hopes over and over again by saying that a
technical “cure” of diabetes will become available within a rela-
tively short period of time, without fulfilling this promise in
reality, has induced a lot of frustration and skepticism at the
patient and physician level. The first generations of AP systems
will most probably not be a “cure” of diabetes in that sense, that
glycemic control of the patients with diabetes is brought in the
same range as that of healthy subjects at all times. A first aim is
to be better than current practice; this would mean that, for
example, the risk of developing hypoglycemia is substantially
reduced, that glucose level remains in the euglycemic range
approximately 75% of the time, and so on’ [65]. Having

emphasized this, it is also clear that the fulfillment of the AP
dream has come closer than ever before.

TRL scales are a useful tool to communicate the progres-
sion of new technologies into daily life. Fundamental break-
throughs in technological research undoubtedly deserve an
exciting press release, but it might be wise to educate science
journalists to consequently add a TRL indicator and explain
what ‘technology readiness’ means. The general public under-
stands scales like, e.g. Beaufort (wind speed), Richter (earth
quakes), and UV-index (biologically effective solar UV-irradia-
tion) well enough for daily life, provided they are conse-
quently communicated for several decades, and the concept
of TRL is just another example of such a scale.

5.1. What are the key weaknesses in clinical
management so far?

‘A mining engineer does not assay a mountain of ore by testing
one rock’ was the motto of biomedical engineer Norman Jefferis
Holter, and within cardiology, his ‘Holter approach’ has brought
increasing benefits with progressing wearability [101]. Clinical
management of CKD and associated comorbidities presently
mainly leans on periodic testing of ‘single rocks’ without exploit-
ing the ‘mountain of ore’ to be harvested from physiological data
during daily life (with diabetes management as a positive excep-
tion). BP management is waiting for the big breakthrough in
noninvasive cuffless real-time monitoring (which seems about
to happen). Proactive stimulation of PA – supported by (wear-
able) monitoring of fluid status starting and body composition –
as early as possible seems a neglected theme for which pre-
sently available devices already would add value.

5.2. What potential does further research hold?

History learns that innovation often arises from crossroads of
different disciplines. This article tries to bridge the communi-
cation gap between the fields of medicine, technology, and
human factor engineering. There is great potential in joint
problem analysis by experts from different disciplines. The
term ‘experts’ should not be restricted to ‘medical, technologi-
cal, or human factor professionals’: By definition, patients are
experts on patient preferences . . .

5.3. What is the ultimate goal in this field?

Improved prevention of CKD and mitigation of its progress,
through leveraging the opportunities offered by wearable
medical devices.

5.4. What research or knowledge is needed to achieve
this goal and what is the biggest challenge in this goal
being achieved?

Improve cooperation by direct multidisciplinary dialogs
between medical doctors of all involved specialisms,
nurses, patients, physiotherapists, and technologists as
well as with regulatory bodies and paying parties. Dr Kolff
already advocated this cross-disciplinary approach when
cofounding american society for artificial internal organs.
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The Kidney Health Initiative targets to establish a roadmap,
agreed upon by an international consortium of partners
covering patient-oriented organizations, nurse associations,
doctors associations, research institutes, medtech industry,
health-care providers, health-care payers/insurers, govern-
mental bodies, and international standardization bodies.
Discussions about milestones like portable, wearable, or
even implantable artificial kidneys (using ‘hard technology’
biotechnology or hybrid forms) are already – and most
rightfully – included. Inclusion of wearable health monitor-
ing as an additional topic would be advisable.

5.5. Is there any particular area of the research you are
finding of interest at present?

Unobtrusive wearables for long-term ambient BP monitoring
and detection of AF as well as virtual personal coaches sup-
ported by activity trackers and/or body composition monitor-
ing seem worthwhile first steps.

6. Five-year view

In 5 years from now:

● Wearable devices will be available to unobtrusively:
○ Monitor a wide variety of cardiovascular parameters,

like ECG with basic arrhythmia detection, PPG with AF
detection, SpO2, BP (also cuffless), and maybe also
anemia (most likely only spot checks);

○ Continuously measure and even automatically regu-
late blood glucose levels (AP) for diabetic patients
(including those with CKD); and

○ Monitor and personally coach regarding PA level and
frailty-related parameters as well as fluid load and
body composition as a tool to mitigate CKD progress.

● This will enable improved synergy between personalized
strategies for prevention, diagnosis, and treatment of
kidney disease, diabetes, CVD (especially high BP and
AF), and other typically interrelated conditions (e.g. CHF
and COPD).

● Ideally, there also will be a worldwide medtech road-
map on fighting CKD, preferably yearly updated by an
international consortium of partners covering patient-
oriented organizations, nurse associations, doctors
associations, research institutes, medtech industry,
health-care providers, health-care payers/insurers, gov-
ernmental bodies, and international standardization
bodies.

Key issues

● Utilization of miniaturized wearable sensor technology can
support personalized treatment of CKD-patients to opti-
mally mitigate the progression of CKD.

● Unobtrusiveness of devices and automated interpretation
of what needs to be notified to patient, nurse and clinician
are crucial.

● Unobtrusive wearable monitoring of blood pressure, ECG,
PPG/SpO2 and fluid overload are highly relevant CVD, CHF
and COPD related parameters.

● Diabetes management has a headstart position in the utili-
zation of miniature sensor technology, and is harvesting
this with closed loop artificial pancreas technology.

● CKD also has a strong connection with Fitness/Frailty
related parameters like physical activity, body composition
and fluid filling status, which also can be monitored by
wearable devices and so serve for coaching purposes.
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