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Worldwide, the number of people who need lifesaving kidney replacement therapy (KRT) steadily
increases, but approximately two thirds of them lack access to KRT and therefore die. Access to KRT
depends on economic, social, infrastructural, ecological, and political factors. Current KRTs include
kidney transplant, peritoneal dialysis, and hemodialysis. The field of xenotransplantation has been
opening promising new perspectives recently but needs improvement. Unfortunately, not all patients
are suitable for transplant. Peritoneal dialysis and hemodialysis will remain important KRTs, but they are
expensive and strongly dependent on infrastructure, with few fundamental changes since the 1980s.
The KRT field might learn from the “African mobile phone revolution” that beat infrastructural limita-
tions, lowered costs, and increased access. We provide a nonexhaustive overview of promising ways
to increase the mobility of technology-based KRTs by dialysate regeneration, chip-based nanoporous
filters, bioreactor-enabling technologies, and using the gut as a “third kidney.” In 2018, the Kidney
Health Initiative published a road map for innovative KRTs composed by leading innovators, but the
pace of innovation is slower than was targeted. Ambitious political statements about realizing this road
map can only succeed if the granted funding matches the targeted time scale. Patient-centered in-
ternational “coopetition” (ie, the act of cooperation between competing entities) seems to offer the
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quickest pathway to success.

Introduction

In 2018, the Kidney Health Initiative (KHI) published a
road map for innovative approaches to renal replacement
therapy, and, that same year, AJKD published an excellent
Perspective titled “Innovations in Wearable and Implant-
able Artificial Kidneys” by Salani et al.’ "> Here we provide
an updated Perspective on this matter, which we will relate
to these two documents.

It is predicted that, by 2030, approximately 14.5
million people with end-stage kidney disease or chronic
kidney failure will need lifesaving kidney replacement
therapy (KRT), whereas only approximately one third of
these people will actually receive KRT. This implies that a
two-thirds majority (mainly located in low-income
countries) will not receive KRT and will therefore die.’
This is due to economic, social, infrastructural, and envi-
ronmental factors, plus an innovation paradox regarding
KRTs that has persisted over a period of 5 decades.”

Current KRT modalities include kidney transplant
(preferred treatment if the patient is eligible for transplant
and a matching donor kidney is available) as well as
peritoneal dialysis (PD) and hemodialysis (HD).

Regarding transplantation, there is a persistent lack of
donor kidneys from living and deceased donors. How-
ever, March 2024 saw a big breakthrough in xeno-
transplantation: a kidney from a genetically modified pig
was successfully transplanted into a patient, who could
return home a few weeks after surgery.” However, this
patient died 2 months later.® In April 2024, another pa-
tient received an electromechanical left ventricular assist
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device plus a genetically modified pig kidney that was
explanted in June 2024 because of complications from
low perfusion episodes, and the patient died July 7,
2024.”-° The etiology or cause(s) of death for either of
these patients had not been published by the time of
manuscript preparation. Despite their short durations,
these xenotransplants are true breakthroughs, and xen-
otransplantation is clearly opening promising new per-
spectives.  Laboratory-cultivated,  three-dimensional
bioprinted, and other fully biology-based replacement
kidneys are also being developed, but these seem much
further away on the timeline.

Unfortunately, not all patients are suitable for trans-
plant, and other forms of KRT (and innovations thereof)
will remain essential in the foreseeable future.” This
Perspective will focus on technological and/or techno-
logical/biological hybrid forms of KRT, while leaving the
description of the exciting perspectives regarding trans-
plant of fully biology—based kidneys to experts in that
specific field; see, for example, a recently published
excellent review. '

PD and HD will remain important KRT modalities, but,
in their present forms, they are expensive and strongly
dependent on infrastructure for water and electricity
(especially HD) as well as on transportation and logistics
(both HD and PD), which hampers their uptake in low-
income countries. It is highly plausible that decreasing
those dependencies can go hand in hand with decreasing
treatment costs and increasing mobility, which could
result in serving a larger proportion of patients in need of
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KRT at the places where they live and work.'' Mobility is
highly desired by patients. A recent study of 498 patients
with kidney failure found a willingness to trade a 1%
infection risk and a 0.5% risk of death within 5 years to
gain complete mobility and freedom from in-center HD.'”
Mobile, affordable, and easy-to-use KRT devices addi-
tionally might help to alleviate the internationally observed
increasing shortage of nurses in general and nephrology
nurses in particular.'”'*

Here, the kidney community might learn from the
“African mobile phone revolution,” an interesting (and
initially unexpected) leap-frog effect observed within the
telecommunication business. After its invention in 1876,
the telephone rapidly conquered the Western world. Africa,
however, severely lagged behind in cable-based telephone
connections, which required costly cable infrastructure on a
vast continent. The first mobile call in Africa was made in
Zaire (now the Democratic Republic of the Congo) in 1987,
and mobile telephony was rapidly adopted by millions of
Africans. In 2022, sub-Saharan Africa had 489 million
unique mobile phone subscribers, and this is expected to

a

transplantation _

human

NO dialysate
cultivated

d implanted dialysis filter

from artery to vein
m

dialysate

extracorporeal |
regenerative

dialysate circuit

e implantable artificial kidney

from artery

to vein
tubular
(( filter function(s) // %
s NO dialysate

artificial urine
to bladder

b hemodialysis

15,16

grow to 602 million by 2030. In Africa, this growth
pace would never have been possible for a purely cable-
dependent phone network.

A similar leap-frog effect might be achieved by creating
very compact mobile dialysis modalities with far less
infrastructural restrictions or even implantable artificial
kidneys offering functionality beyond the definitions of
HD or PD. Interestingly, the enabling role that chip tech-
nology plays for the miniaturization of mobile phones may
also apply to the miniaturization of KRTs.

Present KRTs and Main Trends to Increase Their
Mobility
Figure 1 provides a graphical summary of the main pres-

ently available KRTs, as well as various innovative KRT
approaches that are in the pipeline.

Targeted Levels of Portability Within This Article

Air travel has strict rules for baggage size and weight.
Typically, the most desirable baggage category is carry-on
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Figure 1. Graphical summary of the main forms of present and future projected kidney replacement therapies. The portable fuel
container symbols depict the relative amount of water consumption by the various modalities. (A) Transplant of human kidneys is
the present first-choice therapy, but there is a structural shortage of donor kidneys, for which xenotransplantation or laboratory-
cultivated kidneys may be solutions. However, not all patients are suited for a transplant, and, to prevent rejection, patients must
take immune-suppressive drugs, which increase the risks of cancer and infections. (B) Hemodialysis (HD; in a single-pass method)
is the most widely applied form of kidney replacement therapy, but it is costly and not very mobile. (C) Regenerating dialysate in a
closed loop can significantly improve HD mobility, but still requires an extracorporeal blood circuit. (D) Implanting the HD filter would
eliminate the need for an extracorporeal blood circuit. Only an extracorporeal dialysate circuit would then be needed to perform HD.
(E) Adding a bioreactor to an implantable hemofiltration filter could (partly) replace tubular functions. This method goes beyond the
definition of HD and forms an autonomous implantable artificial kidney. (F) Peritoneal dialysis (shown here in its simplest form) does
not require an extracorporeal blood circuit but requires relatively high dialysate volume. Typically, the dialysate is instilled into the peri-
toneum, remains there for a few hours, and is then drained. (G) Peritoneal dialysis mobility can be significantly improved by regen-
erating the dialysate in a closed loop, preferably in a continuous flow mode.
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because these bags are much less likely to be damaged or and depth of 10 inches (25 cm). These dimensions include
lost during handling, which is crucial for travelers. The wheels, handles, side pockets, etc.”'” For this study, we
International Air Transport Association states that, “as a  particularly looked for HD devices/prototypes that at least
general guide, carry-on baggage should have maximum meet this recommendation, but, regarding PD devices
length of 22 inches (56 cm), width of 18 inches (45 cm), (which are typically less bulky), we specifically looked for

Figure 2. Three types of wearable peritoneal dialysis machines currently in human clinical trials. (A) An AWAK (Automated Wearable
Ambulant Kidney) rapidly cycling sorbent-based regenerated dialysate. (B) The AWAK was reengineered and rebranded as a
VIVANCE device. (C) The Weakid peritoneal dialysis device (Nanodialysis) uses rapid cycling of regenerated dialysate and includes
a mobile unit with sorbents (1), a dialysate reservoir for night treatment (2), a wireless interface to a mobile phone (3), a sterile
connection to the catheter (4), a cassette with sorbents (5; shown with device opened up), and a reusable control unit in the front
part of the device (6). (D) Weakid mobile unit in use. (E) Peritocare wearable peritoneal dialysis device from IMEN (single-pass, no
dialysate regeneration). (F) Peritocare device in mobile use.
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wearable systems nearing the market. Implantable (parts
of) KRT devices should fit to the approximate dimensions
of a regular kidney.

Wearable PD

We describe 3 wearable PD systems that are in human
clinical trials but not yet on the market (Fig 2). More
exhaustive articles also exist,”'® and the not-for-profit
organization Home Dialysis Central also maintains a
website with home PD devices (https://homedialysis.org/
home-dialysis-basics/machines-and-supplies/peritoneal-
dialysis-machines).

The Singaporean AWAK (Automated Wearable Artificial
Kidney) PD system (Fig 2A) was mentioned in the afore-
mentioned 2018 AJKD Perspective.Z It is a sorbent-based
dialysate-regenerating tidal-flow PD device that uses a
single-lumen catheter with a tidal flow rate of 2 L/h and a
fixed dialysate glucose concentration and can be carried in
a shoulder-strap bag. Preliminary human safety trial results
with the AWAK PD system have been published.'”*’ Since
then, the product has been reengineered (Fig 2B) and, in
October 2024, rebranded as VIVANCE (https://vivance.
com/).

The Dutch Weakid PD system (Fig 2C and D) is
intended for nocturnal use and consists of a mobile console
with a clicked-in sorbent cartridge that is supported by an
externally connected dialysate reservoir. The mobile con-
sole with its clicked-in cartridge can be used optionally as
stand-alone KRT during the day for additional clearance. A
first-in-human clinical trial in 12 patients is currently
ongoing (https://www.nanodialysis.nl/).

In contrast to the aforementioned sorbent-based dialy-
sate-regenerating PD systems, the Malaysian Peritocare PD
system is a wearable single-pass PD system. A first-in-
human clinical trial in 11 patients was completed in
March 2022 (A.A. Hamzah, unpublished data, 2024). The
project is still ongoing, led by Azrul Azlan Hamzah, the
director of the Institute of Microengineering and Nano-
electronics at Universiti Kebangsaan in Malaysia (personal
communication, June 2024; https://www.ukm.my/imen/
en/research-fellows/assoc-prof-dr-azrul-azlan-hamzah/).

An interesting additional pathway to increase PD
mobility is local dialysate preparation.”' There is even an
initiative ongoing toward achieving this by using solar
power.””

Portable/Wearable HD and Beyond

The International Electrotechnical Commission (IEC)
standard IEC 60601-2-16 contains requirements for the
safety and essential performance of HD devices and defines
HD as follows: “process whereby concentrations of water-
soluble substances in a patient’s blood and an excess of
fluid of a patient are corrected by bidirectional diffusive
transport and ultrafiltration across a semipermeable
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membrane separating the blood from the dialysis fluid”.
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Figure 3 shows simplified diagrams and photos of
typical stages of miniaturization regarding HD (Fig 3A-E)
as well as a technological/biological hybrid implantable
artificial kidney (Fig 3F) that goes beyond HD, plus 2
different approaches to make silicon nanoporous mem-
branes (Fig 3G and H) that form key enabling technologies
for such implantable devices.”"*

It is important to note that the IEC definition does not
demand an extracorporeal blood circuit. This is why the
principle shown in Fig 3E falls within the IEC definition
of HD.

Presently commercially available transportable HD de-
vices use the single-pass principle: when the dialysate has
passed through the dialyzer, it is discarded into a drain
connected to the sewer system (hence the term “spent
dialysate”). Consumption of water and electricity (to heat
the water) are therefore large.”® Figure 3A and B shows a
highly simplified typical block diagram and some photos of
transportable single-pass HD devices on the market. The
pictured examples are not exhaustive. The not-for-profit
organization Home Dialysis Central also maintains a web-
site with home HD devices that is periodically updated:
https://homedialysis.org/home-dialysis-basics/machines-
and-supplies/hemodialysis-machines.

Dialysate-regenerating HD devices circulate a much
smaller volume of dialysate through a closed loop in which
the dialysate is regenerated. This provides greater freedom
for miniaturization into a portable (ie, International Air
Transport Association—compatible) or even wearable
format. Considerably less water (10- to 20-fold) and
electricity are consumed (there is less water to heat).
Figure 3C and D shows a simplified block diagram and 2
examples that have reached the stage of in-human clinical
trials: the wearable HD device (also referred to as WAK)
from Victor Gura (previously described in the 2018
Perspective”) and the Neokidney portable HD device from
NextKidney, which meets International Air Transport As-
sociation carry-on baggage criteria.””"”" First-in-human
trial results of this device were presented during 2024
American Society of Nephrology Kidney Week.””

The IEC definition of HD also covers partly implantable
HD devices (Fig 3E). Implanting the HD filter renders the
extracorporeal blood circuit superfluous. The blood stays
in the body and loops through the implanted HD filter, so
only an extracorporeal dialysate circuit is needed (eg, by a
compact dialysate regeneration device). When the device is
not in use, the transcutaneous dialysate catheters (which
represent known technology) are simply connected to each
other.

Thus, making needles and vascular cannulation obsolete
is a giant leap forward. However, ultimately, one would
like to get rid of all extracorporeal connections. This may
be achieved by a fully implantable artificial kidney with 2
modules: a nanoporous silicon (or other material) wafer-
based filter and a bioreactor (containing cultured tubular
cells). The bioreactor would reclaim water, maintain
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Figure 3. Highly simplified diagrams to illustrate progressive miniaturization of hemodialysis (HD) devices (A-E) and a technological/
biological hybrid implantable artificial kidney beyond the definition of HD (F-H). (A) Single-pass HD block diagram. (B) Some
examples of existing transportable single-pass HD devices (not exhaustive; photos from manufacturers’ websites). No commercial
single-pass HD devices were found that meet International Air Transport Association carry-on baggage guidelines. (C) Dialysate-
regenerating HD block diagram. (D) Some examples of dialysate-regenerating HD devices that reached human clinical trials and
meet International Air Transport Association carry-on requirements for air travel. (E) Partly implantable HD principle. The natural heart
forms the blood pump, and an extracorporeal dialysate-regenerating device can be connected to perform dialysis. (F) Fully implant-
able technological/biological hybrid artificial kidney principle with a nanoporous (eg, silicon wafer—based) filter and a bioreactor. The
natural heart also forms the blood pump in this case. (G) Silicon nanoporous membrane of The Kidney Project with patterned slit
pores.?* (H) Silicon nanoporous membrane pore patterning technology as applied by imec in the KIDNEW and NXTGEN HighTech
projects.” (Original magnification, G and H: approximately x2; scale bars, G and H: 200 nm.)

homeostasis, and help to actively expel uremic toxins via a
urine outlet to the bladder (Fig 3F)."

It must be highlighted that the concepts depicted in
Fig 3E and F were first defined by David Humes and
persistently matured by the research group of William
Fissel (Vanderbilt Medical School) and Shuvo Roy
(University of California, San Francisco), also known as
The Kidney Project.””*' The Kidney Project has already
demonstrated the feasibility of the bioreactor concept
and also created a well-defined animal model to test and
compare silicon wafer-based nanoporous filters.”*"*’
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This stepwise modular approach resembles the Apollo
project, a classic example of how to decrease risks while
making meaningful steps toward an ambitious and
complex target. In addition to this US-located project,
two European Union—located synergetic consortia, called
KIDNEW and NXTGEN HighTech, recently also started
working toward these goals, combining their chip-based
nanofilters with add-on modular on-chip integrated
electronics for sensing, control, actuation, and data
storage as well as wireless powering and bidirectional
data communication. "’
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Figure 4. The “Triangle of Project Management.” You may choose only 2 of the 3 triangle points, with the third automatically
excluded. The NASA moon mission followed the “High Quality” and “Done Quickly” route. This is also the dream of patients needing
better kidney replacement therapies, but “Low Funding” is the present reality. Note that the development of complex medical devices
in any case requires considerable persistence. For a complex active medical device (eg, a kidney replacement device), it easily takes
approximately 10 years from idea to market approval even if all parameters are optimized (depicted by the blue spot in the middle).

Released under a CC-BY license from Wieringa et al.'’

Researchers on both sides of the Atlantic thus work sepa-
rately on creating a partly implantable HD system (Fig 3E),
eventually followed by a technological/biological hybrid
implantable artificial kidney (Fig 3F). The underlying silicon
wafer—based filter manufacturing technologies of the US- and
EU-located consortia are fundamentally different. The Kidney
Project uses slit-shaped pores (Fig 3G) with widths tuned by
process parameters, but the minimum distance between
the individual slit-pores is dictated by the technical lim-
itations of the applied lithographic wafer-stepper gener-
ation. Within the KIDNEW and NXTGEN HighTech
projects, imec achieves a high pore density by applying
molecular self-assembly (Fig 3H), which is fully inde-
pendent of lithographic wafer-stepper generation and
simplifies large-scale manufacturing.””

Using the Gut as a “Third Kidney” to Create More
Room for KRT Engineering Trade-Offs

The small intestine is mostly impermeable to high-weight
molecules but freely permeable to small and charged ions
like Na“, X", Phos’, H', and (from wurea hydrolysis)
NH,".”* In patients with end-stage kidney disease, =50%
of the urea generated daily passes into the small bowel,
where bacteria decompose it into bicarbonate and NH,",
which are then resynthesized to urea in the liver.
Removing these 5 components via the gut could simplify
KRT miniaturization engineering trade-offs. A daily 30-g
oral dose of the monovalent-selective cation exchanger
zirconium cyclosilicate (efficiently binding K" and NH,,")
can normalize K" in patients with end-stage kidney dis-
ease and decrease the serum urea nitrogen level by 20%-
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25% (through removal of NH,").””*® A daily 10-g dose
can prevent significant hyperkalemia during interdialytic
periods.”” Combination with inorganic H'—loaded cation
exchangers and OH —loaded anion exchangers increases
binding for Na*, K", Phos®", H", and NH,".>”*° Animal
studies of this oral sorbent are ongoing. Adding a hy-
drophobic gas-permeable coating to the cation-
exchanging sorbent particles further increases NH;
removal.”'"*?

Using the gut as a third kidney opens new perspectives.
In the very long run, this approach might help simplify
dialysate regeneration to apply a low-cost activated carbon
block for removal of remaining organic toxins (many
protein-bound), which, to a great extent, cause the actual
uremia symptoms.”’ " Easily suspended, fine-powdered,
and tasteless oral sorbent might also become a “kidney
support” modality during earlier chronic kidney failure
stages before uremia requires KRT.

What Are the Biggest Bottlenecks?

On May 25, 1961, President Kennedy announced “the
intention to land a man on the moon and safely return him
to Earth before the end of the decade.”*’ And the United
States indeed did make that miracle happen within the
same decade.

On July 10, 2019, President Trump signed the
Advancing American Kidney Health executive order.”® This
executive order listed several highly needed improvements
for kidney health, including the development of break-
through technologies like wearable or implantable artificial
kidneys, for which the KidneyX prize competition was
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established, which leaned on the KHI innovation road
map. Yet, despite this order, today, innovation is severely
lagging behind the KHI road map schedule. Why?

In both cases, highly ambitious targets were set by US
presidents. The essential difference is in the associated
budget assignments: in 1962, the US Congress swiftly
assigned $531 million to NASA, with a plan to cumula-
tively invest another estimated $7-$9 billion over the next
S years.”” Note that those were US dollars from 1962 (ie,
not adjusted for inflation) all focused on a single target.

In contrast, regarding the funding of artificial
kidney—related innovations, the public—private KidneyX
competition, since 2019, has granted a total of $17.6
million on 76 different KidneyX prize—winning projects.””
Of course, it is obvious that developing a moon mission is
by far more costly than developing an implantable artificial
kidney. However, also in 2019, a scientific analysis jointly
performed by the Eastern Research Group and the US
Department of Health and Human Services estimated “the
overall cost of development for a complex medical device
at $526.4 million after accounting for the cost of failures
and the opportunity cost of capital”.”” A 2022 update of
this report confirmed this order of magnitude.’" It is thus
not surprising that the implementation of the KHI inno-
vation road map is lagging behind. The KidneyX concept is
superb, but, without an appropriate budget to fuel it,
progress will be limited accordingly (Fig 4).

The present situation in Europe is slightly better, but
also needs drastic improvement: KIDNEW and the
NXTGEN HighTech Biomed04 project, synergistically tar-
geting an artificial kidney, have a total budget of €41
million with a run time to 2030. The European Innovative
Health Initiative and Horizon Europe Health cluster should
play an essential role in boosting this by including inno-
vation in kidney therapies among Innovative Health
Initiative call topics."'

In this context, the Malaysian government already made
a wise investment with their Peritocare PD project (Fig 2E
and F) that focuses on engineering issues to integrate
already well-known scientific principles into a relatively
simple, but nevertheless innovative, product. Instead of
remaining stuck on buying PD devices, fluids, and dis-
posables from abroad (thereby draining significant money
from their national economy), they chose to finance an
ecosystem that created a PD system in their own country,
which was largely unnoticed until the first-in-human re-
sults were obtained. This approach (which is viable for
miniaturizing single-pass PD) offers the potential to keep
the money circulating in their own economy while
creating high-tech jobs with future export potential.

For a far more complex product like an implantable
artificial kidney, the associated challenges are exponentially
bigger. Here, an even bigger bottleneck than funding
arises. In 2019, Wieringa and Sheldon stated that “to
succeed, the best brains in the world need to work
together, and no country in the world holds all the best
brains within its own borders. That is why international
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cooperation should be facilitated to maximize the chance
of success. And here the existence of an international road
map might help to get things rolling via coopetition”.”

The good news is that many expert groups around the
world know and respect each other, and most would
welcome ways to somehow join forces. A research-and-
development funding model that encourages international,
multidisciplinary approaches to solutions and facilitates in-
ternational coopetition (whereby all parties see their back-
ground intellectual property secured and shared intellectual
property is jointly protected) might largely speed up the
implementation of the KHI innovation road map.””"*’

Patients across the world need access to higher-quality,
more sustainable, and less costly therapies. To achieve this,
patient associations should be closely involved with the
international solver community, provide input in regard to
standards and regulations, and actively request their gov-
ernments to facilitate international coopetition.””*>*
Persistent patient advocacy helped to strengthen the fight
against AIDS’” and stimulated the development of wear-
able devices to manage diabetes.”*"” A type 1 diabetes
patient/inventor/engineer even developed his own artifi-
cial pancreas and got it CE-marked for sale in the European
Union.”® Kidney patient advocacy might follow these ex-
amples to stimulate private—public partnerships and
accelerate the adoption of new KRT systems.””

Nephrology nurses should also be more strongly
involved in the design of new KRTs, and the American
Nephrology Nurses Association published an excellent
methodology to achieve this.”” The American Nephrology
Nurses Association also has a dedicated Home Dialysis
Therapies Task Force®' and published a plan to combat
nephrology nurse shortage.'”

All these issues match with the Decade of the Kidney
initiative, which was started by the American Association
of Kidney Patients and joined by the European Federation
of Kidney Patients and European Kidney Health Alliance.®”
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