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Abstract: While life-sustaining, hemodialysis is a non-physiological treatment modality that exerts
stress on the patient, primarily due to fluid shifts during ultrafiltration. Automated feedback control
systems, integrated with sensors that continuously monitor bio-signals such as blood volume, can
adjust hemodialysis treatment parameters, e.g., ultrafiltration rate, in real-time. These systems hold
promise to mitigate hemodynamic stress, prevent intradialytic hypotension, and improve the removal
of water and electrolytes in chronic hemodialysis patients. However, robust evidence supporting their
clinical application remains limited. Based on an extensive literature research, we assess feedback-
controlled ultrafiltration systems that have emerged over the past three decades in comparison to
conventional hemodialysis treatment. We identified 28 clinical studies. Closed loop ultrafiltration
control demonstrated effectiveness in 23 of them. No adverse effects of closed loop ultrafiltration
control were reported across all trials. Closed loop ultrafiltration control represents an important
advancement towards more physiological hemodialysis. Its development is driven by innovations in
real-time bio-signals monitoring, advancement in control theory, and artificial intelligence. We expect
these innovations will lead to the prevalent adoption of ultrafiltration control in the future, provided
its clinical value is substantiated in adequately randomized controlled trials.

Keywords: hemodialysis; ultrafiltration; intradialytic hypotension; blood volume monitoring; relative
blood volume; intradialytic morbid events; volume overload

Key Contribution: Our narrative review establishes a comprehensive framework detailing the
current state of feedback-controlled ultrafiltration in hemodialysis, providing insights into future
developments.

1. Introduction

The progressively rising age and comorbidity burden in hemodialysis (HD) patients
adversely affects their clinical status and treatment tolerance, posing substantial chal-
lenges [1]. The intermittent nature and short duration of HD sessions heighten the risk of
intradialytic morbid events (IME), including hypotension, nausea, cramps, and arrhyth-
mias. IME can disrupt HD sessions and shorten the effective treatment time, resulting in
inadequate fluid removal and solute clearance [2]. While longer and more frequent HD
offers potential benefits for hemodynamic stability, its widespread adoption is limited for
logistic and economic reasons [3].

One of the primary objectives of HD is to eliminate excess fluid through ultrafiltration
(UF) and maintain electrolyte balance to prevent fluid overload and disturbances that may
affect multiple organ systems, such as electrical conductivity in the heart. Excessive or
insufficient removal of electrolytes such as sodium, potassium, and calcium can lead to
significant toxicity, resulting in cardiac arrhythmias, neurological complications, and other
life-threatening conditions. Fluid overload is a key driver of cardiovascular morbidity
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and mortality [4]. Inadequate fluid removal may result in high blood pressure (BP), left
ventricular (LV) hypertrophy, pulmonary and intestinal congestions, and inflammation.
The UF rate (UFR) is determined by numerous factors, most importantly the level of fluid
overload and treatment time. Other aspects are the patient’s weight, BP, overall health,
and HD frequency. Intradialytic hypotension (IDH) complicates 10-25% of all HD sessions,
depending on the specific definitions of IDH definitions [5]. Rapid UF of excessive fluid
can result in a drop in BP and IDH when the UFR exceeds the vascular refilling rate from
the interstitial space. Interestingly, intravascular volume reduction may not be the only
etiology of IDH, and early-onset IDH is a well-recognized entity [6]. Recurrent episodes
of IDH may prevent adequate UF, thus aggravating fluid overload. Volume overload is a
highly prevalent complication in end-stage renal disease (ESRD) patients, leading to LV
hypertrophy, congestive heart failure, and vascular stiffening [7]. Therefore, IDH impacts
patient volume management and, ultimately, cardiovascular outcomes [8].

Ideally, prescriptions of UF volume and rate are based on a sound quantitation of
fluid status. The current approaches to clinically assess fluid status and ultrafiltration are
recognized as subjective and insufficient. More objective means to quantitate fluid overload
include bioimpedance, lung and inferior vena cava ultrasound, and relative blood volume
(RBV) measurements. While BP measurement is the cornerstone of hemodynamic moni-
toring during HD, its intermittent nature with long time intervals between measurements
is problematic [9,10]. Near-real-time prediction models have been developed to provide
timely warning and measurements to prevent IDH, using machine learning and cloud
computing infrastructure [11].

Bioimpedance noninvasively evaluates fluid status and can assist with determining
the so-called “dry” weight (i.e., euvolemia) in HD patients by analyzing the electrical
properties of tissues. However, it poses shortcomings in predicting IME due to its inability
to provide real-time monitoring of interstitial-to-intravascular fluid transients during HD
and the absences of uniform standards for different devices [12,13].

Other methods for assessing volume status include lung ultrasound and measurements
of the inferior vena cava diameter (IVCD), both of which can be performed at the bedside.
Lung ultrasound outperforms clinical signs and symptoms in detecting volume overload,
while IVCD correlates with clinical symptoms (e.g., cramps, hypotension, and post-HD
fatigue) related to hypovolemia [14]. Nevertheless, drawbacks arise from added staff
workload, availability, cost, and the variability of ultrasound results due to its operator-
dependent nature.

RBV monitoring exploits the concept that UF increases hematocrit or plasma protein
con centration during HD unless balanced by identical rates of plasma refilling from the
interstitial fluid compartment [15]. Traditional RBV monitoring, although effective in
alleviating IDH symptoms in some studies [16], is passive in nature and relies on healthcare
professionals for data interpretation and intervention, such as modification of UF rate. The
lack of system autonomy may lead to delayed responses, especially when data are not
continuously monitored by the staff.

To address this limitation, RBV-guided feedback-controlled HD (FC-HD) was devel-
oped. It allows simultaneous monitoring of patient and treatment parameters (e.g., change
in RBV, UFR rate) and real-time adjustment of treatment parameters (e.g., UFR, dialysate
sodium). If monitored parameters deviate from the desired range, interventions can be
administered, either manually (open loop control) [17] or automatically (closed loop con-
trol). The immediate and automated analysis of bio-signals from the patient allows swift
responses to seamless adjustments along the predefined treatment trajectory. By avoiding
major contractions in BV, FC-HD showed clinical benefits of improved hemodynamic
stability in comparison to conventional hemodialysis (CHD) [3,10,18-38]. This includes
reduced IME incidents [3,10,18-31,33-38], stabilized BP [19,23,25,26,28-30,32], enhanced
dialysis adequacy [21,25,31,32,36], reduction of left ventricular wall dysfunction [27], and
improved quality of life [29,32].
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This narrative review addresses the status of UF feedback systems and their effective-
ness. Through analysis of clinical trials, we seek to understand the effect of FC-HD on IME,
volume control, hypotensive episodes, the balance of electrolytes, the removal of uremic
toxins, and patients’ quality of life.

2. Feedback-Controlled Ultrafiltration: Sensor Technologies

The FC-HD mechanism employs real-time, continuous measurements of RBV as the
process variable. RBV monitoring devices measure plasma volume changes that translate
into concentration of blood constituents, such as red blood cells (RBC) and the related
hematocrit (Hct), or blood protein concentration [39]. These markers can be quantified non-
invasively using methods like mass density [40], optical density [41], ultrasound speed [42],
viscosity [43], electrical conductivity [44], or Hct [45].

RBV can be calculated when the concentration of constituents changes during HD
since only fluid is withdrawn from (or added to, in case of infusions) the plasma water. The
change in BV relative to the BV at the start of HD is calculated as follows [15]:

BV change (%) = (IV constituentsart yp/IV constituentqyring up — 1) x 100, (1)

RBV monitoring relies on the assumption that changes of constituent (e.g., Hct) ob-
served in the extracorporeal circuit reflect similar changes in the whole vascular system.
This assumption holds if the entire blood volume is a single, well-mixed, and closed com-
partment. Factors such as hemolysis, blood leaks, transfusions, and exchange between
intravascular and interstitial compartment in the case of protein during HD can affect the
validity of this assumption. Moreover, the whole-body Hct is lower than that of arterial
or venous blood [46] due to dynamic reductions in microvascular Hct in capillaries and
venules, known as the Fahraeus effect [47]. Note that, depending on the site of the vascular
access, either arterial or venous Hct is measured. In the presence of the intradialytic rise in
the ratio of whole-body to arterial or venous Hct, the calculated RBV may underestimate
an actual decline in BV [48]. Since the current clinically used RBV systems do not provide
information on changes in absolute BV, variability in fluid status before HD contributes to
the variability of the RBV course during HD. An identical RBV decrease may be associated
with different absolute BV changes in the same patient.

In addition to the filling of the vascular system, hemodynamic stability is influenced
by factors like postural changes, exercise, food intake, transfusions, and intravenous
fluid administration [49]. These factors may partly explain the varying threshold of RBV
reduction at which hypotension occurs between HD sessions in the same individual.

Four commonly used RBV monitoring devices on the market are:

1.  Crit-Line (Fresenius Medical Care, Waltham, MA, USA) measures Hct with an optical
method. It functions either as a stand-alone device or integrated into the Fresenius
2008T HD machine.

2. Hemoscan (Gambro-Hospal, Medolla, Italy) measures Hb through optical absorbances
of monochromatic light. It is incorporated into the Integra HD machine.

3. Nikkiso blood volume monitor (Tokyo, Japan) is available as an add-on for Nikkiso
HD machines, where intensity of the reflected light is influenced by RBC and correlates
with Hct [50].

4. Fresenius Medical Care blood volume monitor (BVM, Bad Homburg, Germany),
integrated into the Fresenius 4008, 5008, and 6008 HD machines, uses an online
ultrasound technique that measures the speed of sound in blood, which is dependent
on the total protein concentration (plasma proteins and Hb) [51].
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3. Feedback-Controlled Ultrafiltration in HD: Clinical Results

Through the literature search, we identified 28 clinical trials, 12 of which were random-
ized controlled trials. The trials examined various outcomes such as IDH, BP, quality of life,
urea clearance, and post-dialysis regional wall motion abnormalities. (Table 1) [3,10,18-38,52—
55]. We specifically assessed the commercially available feedback devices used in these trials:
the Hemocontrol™ biofeedback system (HBS), the BVM, and the Haemo-Master (Nikkiso,
Tokyo, Japan).

Table 1. Clinical Trials of Feedback Control Systems in Hemodialysis.

Method
Author (Year) . 1 Study Sample Eligibility Intervention Outcomes
Design . . 2 A
Duration Size Criteria
Non-Randomized Trials
% BV reduction
Prospective, pilot RBV — UFR B: —10.2, Al: —11.2,
Santoro et al. . o ) ]
(1994) study. Alternating 18 HD 5 >30% IDH and DC (HBS A2: —11.5; NS
[18] sequential design: sessions frequency prototype) IDH (n)
[A-B-A] vs. CHD B: 1, Al: 8, A2: 5;
p<0.05
% BV reduction
B: -10.6, Al: —12.3,
Prospective, pilot A2 ~12.5; NS
Santoro et al. stud pSin le,-lljlin d ~20% IDH RBV — UFR % SBP reduction
(1998) altemz'ﬁn gse ool 12 weeks 8 P and DC (HBS)  B:-12.4, Al: -20, A2:
[19] d%inﬂA%4“ quency vs. CHD -17.5;p < 0.05
Ch Severe IDH (n)
B: 3, Al: 26, A2: 16;
p<0.05
Prospective, Symptomatlc EDH
- . Medium term (%): B:
multicentric, . HD >
. . Medium term: 21.0 vs. A: 31.8;
. non-inferior, 6 months + RBV — UFR
Basile et al. . . 20-36 months; o p <0.0001
sequential design. i 19 >20% and DC (HBS) .
(2001) [22] - Short term: . Short term (n): B: 26
Medium term: [A-B]; symptomatic vs. CHD
14 weeks vs. A:45;p <0.002
short term: IDH HBS is safe in the
[W-A]-[W-B] .
medium term.
% Event free
session 3
Besin et al Prospective, >30% IDH RBV — UFR B:508 ZSO (?1: 29.2;
(2(;:02) [2%]' alternating sequential 12 weeks 7 frequency in3  and DC (HBS) Pof t-Hb SBP
- design: [BA-BA-BA] months vs. CHD .
increased over the
study course with
HBS (p = 0.02).
% IDH
Pros.pe.ctlve, 2.1 IDH or RBV — UFR B: 6.3 vs. A:15.8;
Wolkotte et al. preliminary, 9 weeks (20 16 minor IME and DC (HBS) p<0.05
(2002) [24] sequential design: HD sessions) incidence in vs. CHD % Minor IME
[A-B] 4 weeks 4 : B:11.0 vs. A: 18.1;

p <0.05
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Table 1. Cont.

Method
Author (Year) Design ! Study Sample Eligibility Intervention Outcomes
esign Duration Size 2 Criteria

Non-Randomized Trials

Symptomatic IDH (1)
B: 0.13 vs. A: 3;
p <0.001
% Session with SBP
drop > 40%
B:35vs. A:7.0;
p < 0.001
Mlntyre et al Prospective, RBV — UFR Interdgliryltzlig)’elght
’ sequential design: 8 weeks 15 Chronic HD and DC (HBS) ) " )
(2003) [25] B:1.82 vs. A:2.08;
[A-O-B] vs. CHD
p =0.009
Equilibrated Kt/V
B: 1.13 vs. A: 1.01;
p=0.01
Urea mass
removed (g)
B:32.7 vs. A:24.9;
p<0.01

% IDH required
intervention
HD > B1: 37, B2: 28, A: 64;
6 months + p<0.01
Franssen et al sequential design: >50% RBV — UFR 0-16-h post-HD BP is
’ [A-B1 (constant 12 weeks 12 symptomatic ~ and DC (HBS) higher with HBS

(2005) [26] weight)-B2 (reduced IDH required vs. CHD (p < 0.05).
intervention 16-24-h post-HD BP

in 6 weeks is NS.
Post-HD weight

reduction is NS.

Prospective,

weight)]

% IME per session
All patients (1 = 51):
B:69.5vs. A: 78.5;
p =0.064 (NS)
Patients with the
highest IME rate
(n=31): B:97.9 vs. A:
. HD > 1185, p = 0.904
Prospective, 3 months + SBP reduction
Garzoni et al. multicentric, At least 18 56 >4 sessions RBV — UFR (mmHg)
(2007) [28] alternating sequential ~ HD sessions - . (BVM) vs. CHD B: —18.8 vs. A: —22.2;
with IME in p = 0.007

design: [A-B-A-B.. ] 4 weeks N S

(mmHg)

B: —7.8 vs. A: —9.1;
p =0.064
Heart rate increase
(/min)

B: 1.8 vs. A:2.3;
p=0.014
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Table 1. Cont.

Author (Year)

Method

Design !

Eligibility Intervention

Criteria

Study
Duration

Sample
Size 2

Outcomes

Non-Randomized Trials

Mancini et al.
(2007) [10]

Prospective,
multicentric,
alternating
sequential design:
R-[B-A-B-A...]

>30% IDH
55 frequency in
2 months

BP— UFR vs.
CHD

30 HD
sessions

% Severe IDH
B: 8.3 vs. A:13.8;
p=0.01
Mild IDH is reduced
during FC-HD
(—12.3%) but NS.

Winkler et al.
(2008) [31]

Prospective, cohort,
sequential design:
R-B

RBV — UFR
and DC (HBS)
vs. baseline

IME during

50 weeks 18 HD + DM

After 48 weeks
of HBS
83.7% muscle cramps
reduction (p < 0.01)
88.9% IDH reduction
(p <0.01)
34.8% single-pool
Kt/V increase
(p <0.05)
33.3% double pool
Kt/V increase
(p <0.05)
43.4% AntiMed
reduction (NS)
4.4% BP reduction
(NS)
25.2% LV mass index
reduction (p < 0.05)

Sentveld et al.
(2008) [32]

Prospective,
alternating sequential
design: [A-O-B-A]

Chronic HD +
stable cardiac
function

10 weeks 18 RBV — UFR

(BVM) vs. CHD

Post-HD SBP
(mmHg)
B: 143.5vs. Al: 137.1;
p=0.018
B: 1435 vs. A2: 141.1;
p=0.043
SBP reduction
(mmHg)
B: —39vs. Al: —13.7;
p =0.003
B: =39 vs. A2: —11.0;
p=0.035
Mean UF volume
(mL)

B: 2407 vs. Al: 2266;
p =0.049
Mean dry weight
reduced from 73.3 to
70.9 kg (p = 0.032).
Quality of life ®
improved after
period B (p = 0.035)
but inconsistent
between phases.
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Method
Author (Year) Design ! Study Sample Eligibility Intervention Outcomes
8 Duration Size 2 Criteria
Non-Randomized Trials
Multiple inputs % IDH
Prospective, — UFR and DC B: 0.9 vs. A: 58.7;
>
Coli et al. (2011) multicentric, =1 IME or (proprietary p <0.001
. . 7 months 55 IDH per week . .
[35] sequential design: in 6 months mathematic Body weight, IDWG,
[A-B] model)) vs. presession natremia
CHD/HDF were NS.
Session without IDH
(n)
B: 333 vs. A: 288;
p <0.001
Session required
intervention (1)
Prospective, o B: 57 vs. A:102;
Doria et al. single-blind, >20% IDI_.I RBV = UFR p <0.001
. . 6 months 10 frequency in and DC (HBS)
(2014) [3] sequential design: % Premature HD
6 months vs. CHD .
[A-B] termination
B:0.5vs. A:3.8;
p <0.001
IDH-related staff
worktime (min)
B: 578 vs. A: 1416;
p <0.001
% Symptomatic IDH
B:38.4vs. A: 62.1;
p <0.001
HD > IDH-related nursing
Prospective, interventions
Hyo Wook et al. multicentric, 3 mf,mths - RBV = UFR (/session)
. . 18 weeks 60 >25% IDH and DC (HBS)
(2014) [36] sequential design: . B: 0.56 vs. A: 0.96;
frequency in vs. CHD
[A-O-B] 1 month p <0.001
% Post-HD recovery
time from fatigue is
shorter with HBS
(p = 0.048)
Mlternating. 3months +  ppy L UER o ymptomatic IDH
Ookawara et al sequential de%i n: stable cardiac (Haemo- ’ };ntgrvention
' d s 12 weeks 48 function + a
(2020) [54] R-[A-B-A*]-[B-A-A*]- Master) vs B: 4.4 vs. A: 3.9, NS
[A-B-An]-[B-A-A*]- UF-induced CHD % BV reductic
BV reduction ? reduction
[A-B-An]-[B-A-A*]- B: —12.1vs. A: —14.4;
[A-B-A*]-[B-A-A*] during HD ’ ’ T i

p <0.001
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Table 1. Cont.
Method
Author (Year) .1 Study Sample Eligibility Intervention Outcomes
Design . . o ey .
Duration Size Criteria
Non-Randomized Trials
% IME
B1: 2.8, B2: 2.5, A: 2.4;
>4 weeks B1l: RBV — NS
o using UER (5008 Kt/V
li\ﬁi’r‘ae_‘ilnrgfvt;"isi' Fresenius ~ BVM)vs. CHD  B1: 1.60 vs. A: 1.65;
. 5008 with vs. NS
Zschatzschetal. ‘;gﬂgﬁg;‘gl N 15 weeks ’ BVM + & B1: 1.55 vs. B2: 1.55;
(2021) [55] pre . tiveg : treated by B1: RBV — NS
[A-B1]- fos octive 5008 without UEFR (5008 Total UF volume
f[’BZ]P BVM for BVM) vs. B2: (mL)
4 weeks in RBV — UFR B1: 2344 vs. A:2189;
2 years (6008 BVM) NS
B1: 2316 vs. B2: 2492;
p =0.003
Randomized Controlled Trials
% IDH
B:33.3 vs. A: 81.9;
HD > p <0001
6 months + % Saline infusion
B:20.8 vs. A:79.2;
Prospective >70% < 0.001
P " symptomatic RBV — UFR b=
Ronco et al crossover, sequential IDH in and DC (HBS) Single-pool Kt/V
) design. 4 weeks 12 . B:1.26 vs. A:1.34;
(2000) [21] Randomization: [AB] 12 sessions +  vs. Acetate-free <0005
andomization: IDWG>3kg  biofiltration Pt
or [BA] + normal Equilibrated Kt/V
. B:1.12 vs. A: 1.03;
hydration
status p <0.001
% Urea rebound
B:6.4vs. A:14.2;
p <0.001
Prospective 7o IDH
pective, 20-80% IDH B:33.5 vs. A: 23.5;
multicentric, .
crossover, frequency in 2 p =0.004 '
single-blind, months + 21 ppy ,ypg ~hemoreIDHin
Santoro et al. : . comorbidity period A, the better
alternating sequential 18 weeks 32 . and DC (HBS) . .
(2002) [20] desien. Balanced (cardiac vs. CHD response in period B
i .. disease, DM, ’ (p <0.001).
block randomization: or 10% overall IME
Rl-z[_?]];ﬁ]];ij)r hypertension) reduction in period B
(p <0.001).
Adjusted
hospitalization risk
Prospective, RBV s UFR ratio (Group B vs. A)
multicentric, open (Crit-Line + non-access related:
Reddan et al. loop algorithm 26 weeks 443 HD > intervention 1.61; p =0.01
(2005) [17] design. 2 months . access related: 1.52;
& algorithm) vs
Randomization: CHD ’ p=0.04
R-[A] or R-[B] % Mortality
B: 8.7 vs. A:3.3;

p=0.021
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Table 1. Cont.
Method
Author (Year) Design ! Study Sample Eligibility Intervention Outcomes
esigh Duration Size 2 Criteria
Randomized Controlled Trials
Prospective,
crossover, sequential .. B1: Linear
design. Block >2 incidence sodium
randomization: [A- of rofiling vs. % Symptomatic IDH
W-B1-W-B2-W-B3] or <100 mmHg %2- RB\% —~ B2 g vsp Bl: 14 vs. A:
12/2[8823 Téza]l [B1-W-B2-W-B3-W- 4 months 10 ngoofn?ndl_rl"p UFR and DC 16 vs. B3: 17; NS
Al or i IDHg (HBS) vs. IDGW and pre-HD
[B2-W-B3-W-A-W- . B3: Plasma SBP are NS.
Bl] or symptoms in conductivity
3 weeks
[B3-W-A-W-B1-W- —DC vs. CHD
B2]
New regional wall
motion abnormalities
. development (1)
szsssfsle\;el B: 23 vs. A: 42 (odds
Selby et al sequential de;i IDH prone + RBV — UFR ratio: 1.8; 95% CI:
yeta. q design. 4 weeks 8 >51g/mLV  and DC (HBS) 1.1-3.0)
(2006) [27] Randomization: . .
[O-A-W-B] or mass index vs. CHD Asymptomatic
(OB-W- A? IDH ()
B: 12 vs. A: 24 (odds
ratio: 2.0; 95% CI:
1.01-4.4)
% Session required
nursing interventions
B: —429 vs. A:35.7;
. =0.04
Prospective study. be .
Deziel et al. Block randomization HD > RBV = UFR Quality 0f61 ife
o 28 weeks 44 and DC (HBS) change
(2007) [29] (IDH stratified): 3 months
R-[A] or R-[B] vs. CHD B:52vs. A: —6.2;
p =0.004
Overall BP reduction
over the study period
(p = 0.005)
Pre-HD SBP change
>150/90 (mmHg)
mmHg BP in B: —22.5;p < 0.01
>50% sessions A: 3; NS
Prospective, + volume Pre-HD DBP change
Dasselaar etal.  single-blind design. 16 weeks 28 overload + alr{1]c31VDE> ([éI;I;) (mmHg)
(2007) [30] Block randomization: use of antihy- vs. CHD B: —8.3;p <0.05
R-[A] or R-[B] pertensive ) A:1.2; NS
drug or car- IDH frequency
diothoracic decreased in period B
ratio > 0.5 compared to period
R (p <0.05).
%ECV change
Prospective study. HD>6 Bo/ 111831‘118 ?r gei;gis
Nesrallah et al Concealed months + RBV — UFR OB_ 1 Bs A 19:
(2008) [37] ’ randomization (DM 28 weeks 60 ECV > 45% of and DC (HBS) T O. 014 !
stratified): R-[A] or total body vs. CHD p=00%
R-[B] water BP, use of AntiMed,
quality of life 7

are NS.
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Table 1. Cont.
Method
Author (Year) .1 Study Sample Eligibility Intervention Outcomes
Design D . . o e e
uration Size Criteria
Randomized Controlled Trials
% IME
B: 32 vs. A:40;
. p=0.02
;ﬁiiii&i’ % Symptomatic IDH
Gabirielli et al. crossover, sequential 18 weeks % Fi?’?lﬁnlivﬂin RBV — UFR B: 24 ZSO & 32;
(2009) [33] design. 6‘1 Y (BVM)vs.CHD . P79
Randomization: weeks %o IME per session
B: 42 vs. A:53;
R-[A-B] or R-[B-A] p = 0.04
Equilibrated Kt/V
B:1.17 vs. A: 1.12; NS
Prospective, Cardiovascular
multicentric, instability RBV — UFR o IME
Veljancicetal.  crossover, sequential history + (BVM) + BT— . . .
(2011) [34] design. 15 weeks 26 >5sessions DT (BIM) vs. B: 18'0_"8'02‘4 328;
Randomization: with IME in CHD p=0
R-[A-B] or R-[B-A] period R
% IME
B2: 21 vs. A: 34,
p =0.022
B2: 21 vs. B1: 39,
p=0.028
B1: 39 vs. A: 34; NS
Bl: RBV — Dry weight reduction
P . UFR and DC (%body weight)
rospective, Haemo- B2: 5.0 vs. BL: 2.0
multicentric design. HD > (Haemo ) e T
Antlanger et al. Block randomization 4 weeks 50 3 months + Master) vs. B2: p=0013
(2017) [38] (center stratified): [A] ~15% ECV RBV — UFR B2: 5.0 vs. A:3.9; NS
or R-[B1] or R—[i32] - (BVM) + BT —  B1:2.0vs. A:3.9; NS
DT (BTM) Mean UFR are
vs. CHD significantly higher
in B2 than in B1 and
CHD at similar
dialysis times.
SBP reduction
between groups
are NS.
Symptomatic IDH
Prospective, per hour
multicentric, HD>3 B: 0.10 vs. A: 0.07; NS
Crossovetr, months + IDWG, brain
Leung et al. single-blind, 22 weeks 2% >30% RBV — UFR natriuretic peptide,
(2017) [53] sequential design. symptomatic ~ (BVM) vs. CHD cardiac troponin,
Randomization: IDH in extra-to-intracellular
R-[A-W-B] or 8 weeks water ratio, and
R-[B-W-A] dialysis recovery

time are NS

1 A represents the study’s control period (A* were excluded in the analysis); B denotes the intervention period; O
denotes the optimization period; R represents the run-in period; W denotes the wash out period. 2 Number of
patients included in the final analysis (completed the study period). 3 Event free session indicates sessions that
required no therapeutic intervention for hypotension related signs or symptoms. * Minor IME symptoms were
nausea, headache, cramps, or abdominal pain without a decline in BP. ° Quality of life was measured by visual
analog scale. ® Quality of life was assessed using the kidney disease and quality of life short form. Higher scores
indicate a better quality of life. 7 Quality of life was measured using the dialysis somatic symptoms questionnaire.
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Abbreviations: DC—dialysate conductivity; SBP—systolic BP; DBP—diastolic BP; IDWG—interdialytic
weight gain; DM—diabetes mellitus; AntiMed—antihypertensive medication; HDF—hemodiafiltration;
Cl—confidence interval; ECV—extracellular fluid volume; BT—blood temperature; BTM—blood tem-
perature monitor (Fresenius, Bad Homburg, Germany); DT—dialysate temperature.

3.1. Hemocontrol

Santoro and colleagues introduced the feedback concept and system, where FC-HD
significantly reduced hypotensive episodes (p < 0.05) and the need for therapeutic inter-
ventions (p < 0.05) compared to CHD in five hypotension-prone patients [18]. Building
upon this approach, BV tracking, a refined multi-input/multi-output (MIMO) closed loop
system, was developed. It included three controlled variables: body weight loss, equiv-
alent conductivity, and BV changes, along with two control variables: UFR and DC [19].
During BV tracking phase, eight hypotension-prone patients showed significantly lower
systolic BP changes (p < 0.05), fewer IDH episodes (p < 0.05), and an overall decrease in
complaints. This system was further developed into HBS through collaboration with the
Hospal-Gambro research group.

Among the 17 studies evaluating the efficiency of HBS, seven were randomized con-
trolled trials, and three were conducted across multiple sites, with study periods ranging
from 4 weeks to 36 months. The first randomized crossover trial demonstrated that HBS
was not only associated with fewer hypotensive episodes (HBS: 33% vs. CHD: 81.9%;
p < 0.001), but also increased dialysis treatment efficacy in hypotension-prone patients,
showing a higher equilibrated Kt/V (HBS: 1.12 £ 0.05 vs. CHD: 1.03 £ 0.08; p < 0.001) and
lower urea rebound (HBS: 6.4 £ 2.3% vs. CHD: 14.2 & 2.7%; p < 0.001) [21]. Furthermore,
FC-HD was associated with a remarkable 74% increase in event-free sessions (HBS: 50.8%
vs. CHD: 29.2%; p < 0.01), steadily improving from 33.3% to 63.9% (p < 0.01) [23]. Although
the observed benefits were not associated with pre-dialysis BP, post-dialysis BP was signifi-
cantly higher at the study’s conclusion, suggesting better hemodynamic tolerance and that
FC-HD contributes to sustainable hemodynamic stability over time. The characteristics of
this extended BV regulation effect may also explain improvements seen in some patients
during CHD treatments (a “carryover effect”).

The sustainability of BP stabilization achieved by HBS in hypotension-prone patients
was evaluated through continuous monitoring of intra-HD and 24-h post-HD BP [26].
HBS significantly improved intra-HD hemodynamic stability, resulting in higher post-HD
systolic BP (p < 0.05). However, this effect diminished 16 h after dialysis.

Concerns regarding HBS affecting sodium balance through DC adjustments were
addressed in a two-year follow-up study, where subjects’ BP, body weight changes, and
serum sodium concentrations remained unchanged, with no adverse effects [22]. HBS,
thus, proves effective and safe in reducing IDH morbidity, as evidenced by a significantly
lower overall occurrence of symptomatic IDH (HBS: 21.0 & 0.3% vs. CHD: 31.8 &£ 0.4%)
and muscle cramps (HBS: 4.8 + 0.1% vs. CHD: 8.0 & 0.2%), representing a reduction of
34% and 40%, respectively (p < 0.0001).

In IDH-prone patients with DM, HBS significantly reduced muscle cramps by 83.7%
and hypotensive episodes by 88.9% [31]. This led to reduced reliance on antihypertensive
drugs and positive effects on BP, LV mass index, and cardiac ejection fraction, indicating
correction of cardiac issues related to intermittent hyperglycemia. Similar efficacy was
observed in a study exclusively involving Asian IDH-prone patients, with similar IDH
reduction rate for diabetic (—44.0%) and non-diabetic (—42.4%) patients [36]. The reduced
IDH was correlated to post-HD fatigue (r = —0.39, p = 0.002) while showing a faster post-
HD recovery from fatigue (p = 0.048) with the use of HBS. Despite including more diabetic
patients and the high prevalence of autonomic dysfunctions in DM, HBS produced results
comparable to those of previous studies. As a result, Hyo-Wook et al. suggested that the
degree of autonomic neuropathy, rather than DM itself, may contribute to IDH reduction
induced by HBS. These findings highlight FC-HD’s potential to improve clinical parameters
for HD adequacy and address specific treatment needs of diabetic patients.
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In addition to IDH-prone patients, HBS were also effective for those with a history
of IDH and minor IME symptoms, resulting in fewer IDH episodes (HBS: 6.3 4= 11.3% vs.
CHD: 15.8 £ 18.3%; p < 0.05) and minor IME (11.0 & 12.8% vs. 18.1 &£ 16.9%; p < 0.05) [24].

Consistent results were observed in non-hypotension prone chronic HD patients,
where HBS reduced symptomatic IDH from 3 £ 0.5% to 0.13 £ 0.13% (p < 0.001), IDWG
from 2.08 =+ 0.05 kg to 1.82 £ 0.06 kg (p = 0.009), and increased urea removal from24.9 £ 3 g
t032.7 £ 1.9 g (p < 0.01) [25]. As the first authors to demonstrate improved hemodynamic
tolerability, reduced IDWG, and enhanced urea clearance in stable patients with HBS,
McIntyre et al. suggested potential benefits of FC-HD can be applicable for a broader range
of HD patients.

In a randomized trial that did not select participants based on hemodynamic instabil-
ity or fluid overload, quality of life significantly improved for the HBS group, while the
CHD group worsened, highlighting HBS’s capacity to enhance tolerability in long-term
HD patients by alleviating the burden of kidney disease [29]. Moreover, the HBS group
demonstrated a substantial reduction in sessions requiring IDH-related nursing interven-
tion in contrast to an increase in the CHD group (HBS: —42.9% vs. CHD: +35.7%; p = 0.04).
These results support findings of reduced saline infusion and nursing interventions in a
non-randomized, subject-blinded trial with hypotension-prone patients, where sessions
with IDH were reduced by 45% and staff work time by 57%, saving up to 14 work hours
during the intervention period [3].

Additionally, HBS was found to be useful in preventing LV regional wall motion
abnormalities, based on the observed smaller decreases in stroke volume and cardiac
output, as well as a greater increment in pulse rate [27]. This occurrence can serve as a
potential target for interventions to improve dialysis related cardiovascular death and
cardiac failure.

3.2. Blood Volume Monitor

The BVM implements feedback control of UFR to maintain RBV above a predefined
threshold, the critical RBV (cRBV), at which a patient is at risk of IDH [51]. The BVM
feedback algorithm is available on the 4008, 5008, and 6008 Fresenius Medical Care HD
machines and operates in two modes: observational, where RBV is measured and the
individual cRBV is determined, and interventional, where feedback control is applied
without altering dialysate sodium levels.

Four [32-34,38] out of seven trials [28,54,56] have demonstrated improved hemody-
namic and intradialytic stability with the use of BVM.

In stable patients who had never received BVM treatments, systolic BP reduction,
as an indicator of BP stability, was significantly smaller during the intervention phase,
demonstrating a BP-stabilizing effect of BVM (BVM: —3.9 mmHg vs. CHD1: —13.7 CHD2:
—11.0 mmHg; p = 0.003, and p = 0.035, respectively); UF volume was significantly higher
(BVM: 2407 mL vs. CHD1: 2266 mL; p = 0.035) and dry weight decreased from 73.3 kg to
70.9 kg over the study course (p = 0.032) [32].

Similar efficiency is confirmed by three randomized multicenter studies, where IME
were reduced by 20% (p = 0.02) and 45% (p = 0.024) in IDH prone patients and 38%
(p = 0.022) in volume overload patients [33,34,38].

Although BVM was not able to reduce IME significantly in one non-randomized mul-
ticentric study, patients experienced fewer IME during FC-HD (BVM: 0.695 + 0.547 /treat-
ment vs. CHD: 0.785 & 0.613/treatment; p = 0.064) [28]. Furthermore, a significant effect
of BVM was observed in a subgroup of 31 (55%) patients with the highest IME rate (IME
in at least every second treatment), where IME per treatment decreased by 17.5% (BVM:
0.979 £ 0.543/treatment vs. CHD: 1.185 + 0.554/treatment; p = 0.004). Further research is
warranted to identify patient populations that may derive the most benefits from FC-HD.

Concerns were raised considering a recent finding where FC-HD showed no intradi-
alytic stability improvements [54]. In the original protocol, a sample size of 30 patients
was targeted to provide 90% statistical power, demonstrating a 30% reduction in IDH (two-
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sided p = 0.05). Despite rescreening, this sample size could not be reached. An additional
simulation was conducted after the study’s completion, involving its 24 participants, to
achieve an 80% statistical power for the primary outcome. Additionally, BVM requires
inputs of the individual cRBV based on previous sessions and needs to be reassessed
weekly. Leung et al. did not provide information regarding the variation of cRBV within
subjects throughout the study period.

3.3. Haemo-Master

Haemo-Master uses optical conductivity to monitor the “differences” of BV (dBV)
by transmitting light near the infrared spectrum through the bloodline and measuring
the intensity of the reflected light by RBC [38,55]. While cRBV is set manually in BVM,
Haemo-Master establishes the ideal dBV curve through the steepness and the calculated
dBV final value generated from previous HD sessions for each individual patient. The
module continuously measures dRBV and provides options to automatically regulate UFR
(BV-UFC) and/or dialysis conductivity (BV-COC) so the patient dRBV follows the ideal
curve. Haemo-Master is available on the DBB-05, DBB06, DB-07, DBB-EXA, and DBB-EXA
ES Nikkiso HD machines.

In volume overload patients, treatments with BV-COC and BV-UFC activated (UCR)
showed no difference to CHD in the rate of complications during the entire intervention
phase and when considering sessions where dry weight was reduced (UCR: 39 £ 27% and
47 4 27% vs. CHD:34 + 20% and 41 4 30%) [38]. However, simultaneous feedback control
of BV and blood temperature using BVM and BTM showed significantly fewer intradialytic
complications than UCR (p = 0.028) and CHD (p = 0.022).

In the UCR group, 36% of HD sessions were found to have execution mistakes when
112 HD sessions were randomly selected to examine the execution of HD technique, despite
training efforts. The principal mistake was having either BV-COC and/or BV-UFC turned
off at the treatment start, which occurred in 20 sessions. In eight sessions, the reference
line was unavailable, and in six sessions, the reference line was not adapted for the patient
to reach the prescribed dry weight, although BP would have allowed this procedure.
This extensibility in implementation may have contributed to the absence of significant
differences in HD complications.

4. Feedback-Controlled Ultrafiltration in HD: Outlook

For nearly three decades, robust evidence supporting the practical application of
closed loop biofeedback systems has been limited. Given the observed optimized fluid
removal, improved vascular refilling, enhanced cardiovascular outcomes, and reduced IME
incidents, it is highly plausible that these systems could positively impact mortality and
other hard endpoints. However, this hypothesis remains untested.

In the only trial that assessed the effect of FC-HD on morbidity, the intervention group
was associated with greater non access-related and access-related hospitalizations (adjusted
risk ratios of 1.52 and 1.61, respectively; p = 0.04 and p = 0.01), as well as a higher mortality
rate (Crit-Line: 8.7% vs. CHD: 3.3%; p = 0.021). A patient monitoring and intervention
algorithm was developed to control UFR based on the RBV curves provided by Crit-Line.
Unlike previous studies, where BV monitoring is integrated with an automatic feedback
system, this open loop control system required manual adjustment of UFR at the bedside
and lacked individualized treatment. Furthermore, the monitoring and intervention pro-
cedure was not mandated but only encouraged, as Crit-Line was studied as a voluntary
adjunct to patient treatment. This highly variable implementation may have occurred
within and across dialysis units, potentially leading to the opposing results.

Although various controllers have become available for clinicians and patients to
modify parameters potentially central to the multifactorial pathogenesis of IDH, the associ-
ation between UFR and IDH has become less clear than previously thought [54]. Factors
such as bio-incompatibility may trigger IDH episodes occurring in the first half of the
HD session [6]. While most studies aim to prevent IDH and improve vascular refilling
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by maximizing UFR in the first part of the dialysis, a new UF controller system was de-
signed to bring patients” RBV trajectory into a “favorable” RBV range, that is associated
with better patient survival and intact hemodynamic stability during dialysis [56,57]. The
controller showed a robust reaction in response to deliberate disruptive interventions (e.g.,
signal noise; extreme plasma refill rates) in in silico and ex vivo bench experiments. No
adverse events were observed in an open loop clinical proof-of-concept study, where the
implementation of the UFR suggested by the controller needed approval by a healthcare
professional [58]. While initial results are encouraging, it will be important to conduct
studies in patients with diverse clinical characteristics to conclusively substantiate the
controller’s clinical performance.

Another controller using BP as the primary input to adjust UFR for BP stabilization
resulted in fewer and less severe IDH events across 237 treatments for seven hypotension-
prone patients [59]. The closed loop module demonstrated an overall 25% reduction in
IDH (39% in the most severe episodes) and improved hemodynamic treatment tolerance
when transitioning from CHD to FC-HD (p = 0.02) in 55 patients from 15 Italian dialysis
centers [10].

Additionally, the utilization of artificial intelligence (AI) and machine learning to
predict the occurrence of IDH has been steadily growing [11,60]. While there is still a
long journey ahead, considering regulatory and ethical aspects and data protection before
implementing Al in routine practice, the integration of Al with feedback controlled UF
holds high potential. This approach enables simultaneous analysis of vast datasets with
multiple variables, while providing individualized interventions in real-time.

5. Conclusions

Designing a more physiological HD is a decades-long quest. Excess fluid accumulation
significantly contributes to morbidity and mortality in hemodialysis patients. UF feedback
control is one of the approaches that holds potential to reduce fluid overload and its
sequelae, such as hypertension, LV hypertrophy, pulmonary congestion, intestinal and
peripheral edema, and inflammation. However, overzealous fluid removal may trigger
IDH, fluid depletion and reduce residual kidney function, highlighting the importance of a
carefully calibrated UF feedback processes. UF feedback control is also a means to reduce
IME and improve quality of life.

Modern UF controllers build on novel technologies that enable continuous moni-
toring of multi-modal bio-signals that serve as input into control systems. FC-HD has
demonstrated a notable reduction in the incidence of IDH. While it is conceivable that this
reduction translates into long-term improved clinical outcomes, sufficiently powered ran-
domized clinical studies with hard outcomes are warranted to critically examine this claim.
Importantly, FC-HD has not shown associations with worsening outcomes, in contrast to
previous concerns.

6. Materials and Methods

The search was conducted independently by the authors in PubMed, based on the
following search terms: (“biofeedback, psychology”[MeSH Terms] OR (“biofeedback”[All
Fields] AND “psychology”[All Fields]) OR “psychology biofeedback”[All Fields] OR
“biofeedback”[All Fields] OR ((“feedback”[MeSH Terms] OR “feedback”[All Fields] OR
“feedbacks”[All Fields] OR “feedback s”[All Fields]) AND (“controlling”[All Fields] OR
“controllability”[All Fields] OR “controllable”[All Fields] OR “controllably”[All Fields]
OR “controller”[All Fields] OR “controller s”[All Fields] OR “controllers”[All Fields] OR
“controlling”[All Fields] OR “controls”[All Fields] OR “prevention and control”[MeSH
Subheading] OR (“prevention”[All Fields] AND “control”[All Fields]) OR “prevention
and control”[All Fields] OR “control”[All Fields] OR “control groups”[MeSH Terms] OR
(“control”[All Fields] AND “groups”[All Fields]) OR “control groups”[All Fields])) OR
“Hemocontrol”[All Fields] OR ((“blood volume”[MeSH Terms] OR (“blood”[All Fields]
AND “volume”[All Fields]) OR “blood volume”[All Fields]) AND (“track and field”[MeSH
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Terms] OR (“track”[All Fields] AND “field”[All Fields]) OR “track and field”[All Fields]
OR “track”[All Fields] OR “tracks”[All Fields] OR “tracked”[All Fields] OR “tracking”[All
Fields] OR “trackings”[All Fields])) OR ((“blood volume”[MeSH Terms] OR (“blood”[All
Fields] AND “volume”[All Fields]) OR “blood volume”[All Fields]) AND (“controlling”[All
Fields] OR “controllability”[All Fields] OR “controllable”[All Fields] OR “controllably”[All
Fields] OR “controller”[All Fields] OR “controller s”[All Fields] OR “controllers”[ All Fields]
OR “controlling”[All Fields] OR “controls”[All Fields] OR “prevention and control”[MeSH
Subheading] OR (“prevention”[All Fields] AND “control”[All Fields]) OR “prevention
and control”[All Fields] OR “control”[All Fields] OR “control groups”[MeSH Terms] OR
(“control”[All Fields] AND “groups”[All Fields]) OR “control groups”[All Fields])) OR
((“blood volume”[MeSH Terms] OR (“blood”[All Fields] AND “volume”[All Fields]) OR
“blood volume”[All Fields]) AND (“monitor”[All Fields] OR “monitor s”[All Fields] OR
“monitorable”[All Fields] OR “monitored”[All Fields] OR “monitoring”[All Fields] OR
“monitoring s”[All Fields] OR “monitorings”[All Fields] OR “monitorization”[All Fields]
OR “monitorize”[All Fields] OR “monitorized”[All Fields] OR “monitors”[All Fields]))
OR “BVM"[All Fields] OR “Haemomaster”[All Fields]) AND (“haemodialysis”[All Fields]
OR “renal dialysis”[MeSH Terms] OR (“renal”[All Fields] AND “dialysis”[All Fields]) OR
“renal dialysis”[All Fields] OR “hemodialysis”[All Fields]).
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