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ABSTRACT

Introduction: Increasing dialysate magnesium
(D-Mg>") appears to be an intriguing strategy to
obtain cardiovascular benefits in subjects with
end-stage kidney disease (ESKD) on hemodial-
ysis. To date, however, hemodialysis guidelines
do not suggest to increase D-Mg*" routinely set
at 0.50 mmol/L.
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Methods: A randomized 4-week crossover study
aimed at investigating the consequences of
increasing D-Mg®" from 0.50 to 0.75 mmol/L
on arterial stiffness, hemodynamic profile, and
endothelial function in subjects undergoing
hemodialysis. The long-term effect of higher
D-Mg®" on mineral metabolism markers was
investigated in a 6-month follow-up. Data were
analyzed by linear mixed models for repeated
measures.

Results: Data of 39 patients were analyzed.
Pulse wave velocity and pulse pressure signifi-
cantly decreased on the higher D-Mg** com-
pared with the standard one by — 0.91 m/s (95%
confidence interval — 1.52 to — 0.29; p = 0.01)
and — 9.61 mmHg (— 18.89 to — 0.33, p = 0.04),
respectively. A significant reduction in systolic
blood pressure of —12.96 mmHg (— 24.71 to
—1.22, p = 0.03) was also observed. No period
or carryover effects were observed. During the
long-term follow-up phase the higher D-Mg*"
significantly increased ionized and total serum
Mg (respectively from 0.54 to 0.64 and from
0.84 to 1.07 mmol/L; mean percentage change
from baseline to follow-up + 21% and + 27%;
p <0.001), while parathormone (PTH)
decreased significantly (from 36.6 to 34.4 pmol/
L; % change — 11%, p = 0.03).

Conclusions: Increasing dialysate magnesium
improves vascular stiffness in subjects under-
going maintenance hemodialysis. The present
findings merit a larger trial to evaluate the
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effects of 0.75 mmol/L D-Mg®" on major clini-
cal outcomes.

Trial Registration: The study was retrospec-
tively registered on the ISRCTN registry
(ISRCTN 74139255) on 18 June 2020.

Keywords: Arterial stiffness; Blood pressure;
Dialysate magnesium; Pulse wave velocity;
Vascular endothelial function

Key Summary Points

Why carry out this study?

Cardiovascular diseases represent a leading
cause of mortality in patients with end-
stage kidney disease.

Arterial calcifications, hypertension, and
increased arterial stiffness are the best-
understood factors involved in the genesis
of cardiovascular disease in patients
undergoing hemodialysis.

Increasing dialysate magnesium
concentration represents an intriguing
potential strategy to obtain cardiovascular
benefits in patients undergoing
hemodialysis.

What was learned from the study?

Increasing dialysate magnesium
concentration from 0.50 to 0.75 mmol/L
could lead to a benefit in terms of arterial
stiffness in the absence of significant
adverse hemodynamic events and of
unfavorable consequences on bone
metabolism.

Increasing magnesium in dialysate
represents a captivating therapeutic
option in patients undergoing
hemodialysis; however, the optimal
dialysate magnesium concentration and
the best strategy to tailor the dialysate
both remain unknown.

Considering the high inter-individual
variability of serum magnesium, the best
option would be to personalize the
dialysate prescription.

DIGITAL FEATURES

This article is published with digital features to
facilitate understanding of the article. To view
digital features for this article go to https://doi.
org/10.6084/m9.figshare.12943172.

INTRODUCTION

Cardiovascular diseases (CV) represent a leading
cause of mortality in patients with end-stage
kidney disease (ESKD), accounting for nearly
50% of all deaths [1]. The severity of cardio-
vascular injury in these patients is the conse-
quence of a complex and multifactorial vascular
health impairment, in which several factors are
involved. Artery calcifications, higher preva-
lence of hypertension with chronic stress on the
vascular wall and increased arterial stiffness are
the best-understood factors involved in the
promotion of CV disease in patients undergoing
hemodialysis (HD) [2-4]. In addition in ESKD,
endothelial dysfunction plays an important role
in atherogenesis, representing an early predic-
tive marker of cardiovascular outcome [5].

In recent years the positive role of magne-
sium (Mg) has been highlighted in terms of
cardiovascular benefits in patients with ESKD.
Experimental in vitro and in vivo models have
shown that in chronic kidney disease (CKD)
higher levels of Mg could up-regulate the
osteoblastic gene expression, block smooth
vascular muscle cell transdifferentiation, and
prevent increased stiffness and calcification
processes [6-13].

Results of interventional studies have
demonstrated the role of Mg in improving
endothelial cell dysfunction, whilst conversely
Mg deficiency represents a trigger for vascular
constriction, platelet aggregation, inflamma-
tion, and oxidative stress, resulting in
endothelial cell dysfunction and vascular calci-
fication [14-16].

Moreover, it was demonstrated that increas-
ing dialysate magnesium (D-Mg>") concentra-
tion during HD sessions could improve the
hemodynamic profile, preventing the occur-
rence of intradialytic hypotension (IDH).
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The potential anti-atherosclerotic, hemody-
namic, and endothelial preservation benefits
which could result from increasing Mg in dia-
lysate thus appear intriguing, even more so
considering the previously found relevant rate
(around 11%) of pre- and post-HD hypomag-
nesemia in patients dialyzed with a Mg con-
centration of 0.50 mmol/L [17].

More recently, findings of a randomized
controlled trial have shown a functional
improvement in mineral buffering, showing a
change in global serum calcification assay T50,
which indicates a higher potency of the serum
to inhibit calcification after increasing standard
D-Mg?* from 0.50 to 1.00 mmol/L for 4 weeks
[18].

Considering all the aforementioned positive
effects, increasing D-Mg>" appears to be a sim-
ple, inexpensive, and effective way to obtain an
overall CV benefit. However, to date, HD
guidelines do not suggest to increase the
D-Mg?*, routinely set at 0.50 mmol/L. Despite
the potential beneficial effects of increasing Mg
levels, hypermagnesemia could cause several
side effects including electrocardiographic,
neuronal, and bone metabolism abnormalities
[19]. It is important to note that the real inci-
dence of hypermagnesemia could be underesti-
mated in patients on HD. Previous studies on
the topic assessed only the total serum magne-
sium (tot-Mg), i.e., the biologically active ion-
ized fraction plus the part bound to proteins or
complexed with anions; the ionized part (ion-
Mg?*) is influenced by the fluctuations in
albuminemia, as well as electrolyte and acid—
base disturbances seen in hemodialysis. As a
result, tot-Mg has two major limitations: it does
not adequately reflect either the active magne-
sium pool or the total body content; the extra-
cellular magnesium represents only 1% of the
body magnesium. In a previous study in a
population of patients on chronic HD we found
that ion-Mg®" could be useful in unmasking
hypo- and hypermagnesemia otherwise not
detectable by assessing only the tot-Mg [17].

To study the vascular effect of increasing
magnesium in dialysate, we designed a ran-
domized, crossover study in which we tested
whether increasing D-Mg®"™ from 0.50 to
0.75 mmol/L could affect arterial stiffness, the

hemodynamic profile, and the endothelial
function in patients with ESKD on hemodialy-
sis. We also aimed to investigate in a follow-up
period of 6 months the long-term effect of
increased magnesium in dialysate on mineral
metabolism markers and the utility of ion-Mg*"
assessment.

METHODS

Study Design

The study was a randomized two-period treat-
ment crossover with long-term follow-up con-
ducted between September 2018 and July 2019
in the dialysis unit of the teaching Hospital of
Bellinzona and Valli, Bellinzona, Switzerland.
After enrollment (phase 0O, visit 0), the patients
were randomly assigned to a 2-week treatment
(six HD sessions) with either standard D-Mg>"
(group 1, D-Mg ** 0.50 mmol/L treatment) or
high D-Mg®" (group 2, D-Mg %" 0.75 mmol/L
treatment), and a second 2-week crossover
phase (a further six HD sessions, phase 2), using
a random numbers list. The standard calcium
dialysate concentration in use was 1.25 mmol/
L. Neither the nephrologist nor the patient was
blind to the assigned treatment. For details of
the experimental design, see Fig. 1.

After the 4 weeks of crossover, subjects did
not come back to the original D-Mg®" concen-
tration, continuing dialysis with D-Mg*" set at
0.75 mmol/L as already planned for every
patient by the internal guidelines of the net-
work to whom the dialysis center of the study
belongs. Patients were thus followed for a fur-
ther 6 months to assess any long-term meta-
bolic changes related to the increased D-Mg**
concentration (follow-up phase). Comorbidities
and medications were recorded at baseline;
clinical and laboratory measurements were
recorded at baseline, at each HD session of the
crossover, and monthly in the follow-up.

Study Participants

All patients undergoing regular HD treatment at
the dialysis center of the Regional Hospital of
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Fig. 1 Experimental design: randomized two-period treatment crossover trial and long-term follow-up

Bellinzona and Valli were screened (40 sub-
jects), and the participation in the study in
conjunction with their regular HD sessions was
proposed to all those eligible. Inclusion criteria
were at least 18 years of age; treatment in-center
with maintenance HD for at least 3 months;
ability to understand the protocol and to give
written informed consent. Exclusion criteria
were acute illness requiring hospitalization and
pregnancy or potential for pregnancy. Thirty-
nine patients completed the crossover. During
the follow-up period (D-Mg®" 0.75 mmo/L), five
patients withdrew (four died, one changed
hemodialysis center) and data of 34 patients
were analyzed (see Fig. 2, flowchart of the study
population). The study adhered to the princi-
ples of the Declaration of Helsinki and was
approved by the SwissEthics Commission
(comitato etico canton Ticino, ID number CE
3358, 2018). All study participants gave written
informed consent. All procedures performed in
studies involving humanparticipants were in
accordance with the ethical standards and with
the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.
The study was retrospectivelyregistered on the
ISRCTN registry (ISRCTN 74139255) on June 18,
2020. All participants signed an informed con-
sent document.

Outcomes

Primary outcomes were changes between the
two treatment groups in (i) vascular stiffness as
estimated by pulse wave velocity (PWV), aug-
mentation index (AI), and pulse pressure (PP).
Secondary outcomes were changes between
treatment groups in (i) hemodynamic profile, as
measured by systolic and diastolic blood pres-
sure (SBP and DBP), mean blood pressure (MAP),
and heart rate (HR); (ii) endothelial functions,
as measured by reactive hyperemia index (RHI);
(iii) no significant worsening in events related
to hemodynamics (i.e., IDH and bradycardia);
and (iv) no significant increase during the
4-week crossover phase in pre/postdialytic
incidence of hypermagnesemia or hyper/
hypocalcemia.

Intradialytic hypotension (IDH) was defined
as a decrease in systolic blood pressure of at least
20 mmHg or a decrease in mean arterial pres-
sure (MAP) of at least 10 mmHg [20, 21]. Con-
sidering that a threshold-based definition of
IDH (systolic BP < 100 mmHg) may falsely
identify IDH where changes in BP do not, we
adopted only decline-based criteria: intradia-
lytic bradycardia as a heart rate no greater than
50 beats/min; hypermagnesemia and clinically
relevant hypermagnesemia as a serum ionized
magnesium of at least 0.65 and at least
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40 patients screened for elegibility

1 patient declined to

participate

39 patients consented to participate

39 patients underwent randomization

—

19 patients
Dialysate Magnesium 0.50 mmol/L

Dialysate Magnesium 0.75 mmol/L

20 patients

20 patients
Dialysate Magnesium 0.50 mmol/L

19 patients Dialysate Magnesium 0.75

mmol/L

39 patients completed the cross-over phase and were
analyzed for primary and secondary outcomes

39 patients started the follow-up
(Dialysate Magnesium 0.75 mmol/L)

e 4 patient excluded for death

e 1 patient changed hemodialysis center

34 patients completed the follow-up phase
and were analyzed

Fig. 2 Flowchart of the study population, including the number of patients who were screened, gave consent, underwent
randomization, completed the crossover phase, and were analyzed for the long-term follow-up phase

0.81 mmol/L, respectively; hypercalcemia as a
serum ionized calcium of least 1.21 mmol/L;
hypocalcemia as a serum ionized calcium no
greater than 1.14 mmol/L. During the long-
term, 6-month follow-up phase (D-Mg>"
0.75 mmol/L), changes in the following markers
of mineral and bone metabolism were investi-
gated: ionized calcium, intact parathyroid hor-
mone (PTH), 25-OH-vitamin D, ionized
magnesium, and total magnesium levels.

Vascular Stiffness, Hemodynamic Profile,
Endothelial Function, and Laboratory
Parameters

PWV, Al, and PP were studied as markers of
vascular stiffness. An oscillometric device (Mo-
bil-O-Graph, IEM, Stolberg, Germany) was used
that simultaneously provided a blood pressure

measurement and, via a generalized transfer
function, estimated PWV and Al (AIT Austrian
Institute of Technology GmbH, Vienna, Austria)
[22].

The Mobil-O-Graph is a noninvasive, oscil-
lometric, non-operator-dependent device for
the assessment of arterial stiffness based on a
conventional brachial cuff for adults with an
integrated high-fidelity pressure sensor. The
device firstly records a brachial oscillometric BP
measurement and afterward a brachial pulse
waveform. Using an integrated ARCSolver pulse
wave analysis algorithm (AIT Austrian Institute
of Technology GmbH, Vienna, Austria), data
derived from pulse wave analysis are integrated
into a mathematical model deriving PWV val-
ues. The reliability of arterial stiffness estimates
provided by Mobil-O-Graph was previously
assessed against invasive and noninvasive
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validated measurement methods, in several
populations as well as in patients on HD
[23-25]. In a previous comparison study, it was
shown that estimates of Al and PWYV provided
by Mobil-O-Graph were not significantly dif-
ferent from those obtained by SphygmoCor
(ArtCor, Sydney, Australia) [26], the most used
method for noninvasive assessment of vascular
stiffness. Following a standardized procedure,
arterial stiffness was estimated during the
crossover phase for each patient at each HD
session thrice (at the beginning, after half of the
time, and at the end) to afford a total of 36
measurements for each parameter per patient.

An appropriately sized blood pressure cuff
was firstly attached to the participant’s non-
fistula arm in a sitting position and afterwards
blood pressure (BP), PWV, Al, and PP were
acquired. Measurements were not immediately
available during the procedure, but downloaded
into the computer at the end of each HD ses-
sion. All measurements were performed by the
same trained physician even though the proce-
dure is not operator dependent. Brachial artery
BP was measured following a standardized pro-
cedure for all patients and for all HD sessions.
The following hemodynamic parameters were
also collected: systolic blood pressure (SBP),
diastolic blood pressure (DBP), mean arterial
pressure (MAP), heart rate (HR), and PP. MAP
and PP were calculated from peripheral SBP and
DBP using the following formulae: MAP =
DBP + 0.4 (SBP — DBP) and PP = SBP — DBP. As
recommended by the National Kidney Founda-
tion KDOQI guidelines, BPs were acquired with
patients in a resting and seated position. Mea-
surements were obtained immediately before
starting, after half of the time, and at the end of
each dialysis session. All BP values during the
experimental phase (three measurements for
each HD session, i.e., 18 per patient and per
treatment phase) were averaged.

During the crossover, at each HD session, the
following laboratory parameters were collected
pre and post HD (24 measurements for each
parameter): ionized magnesium (ion-Mg*™,
normal range 0.45-0.65 mmol/L), ionized cal-
cium (normal range, 1.15-1.31 mmol/L), and
pH, using an ionometer (Microlyte 6 Analyzer,
Kone Instruments, Espoo, Finland). The

decision to investigate a magnesium dialysate
concentration of 0.75 mmol/L was made on the
basis of the standard dialysis fluids routinely
available in Switzerland. A concentration of
0.65 mmol/L would have been closer to the
physiologic values, but that choice would have
required the production of an ad hoc dialysis
concentrate, limiting the reliability of the
results in real-world hemodialysis.

Blood samples were collected following a
standardized procedure. Blood withdrawals
were performed within 10 min from the starting
and ending of each HD session. A trained des-
ignated nurse was responsible for the prompt
analysis of the blood samples within 15 min
from their execution using an ionometer (Mi-
crolyte 6 Analyzer, Kone Instruments, Espoo,
Finland) located in the same dialysis unit. The
ionometer was monitored daily for quality by a
designated laboratory technician and checked
for calibration before using.

In order to investigate the impact of
increasing D-Mg®" on endothelial functions, a
validated, non-operator-dependent device for
noninvasive measurement of endothelial func-
tion was used, EndoPAT 2000 (Itamar Medical
Inc., Israel). Placed on a fingertip, the device
was able to measure arterial pulse volume
changes induced by upper arm cuff occlusion,
thus generating the reactive hyperemia index
(RHI) automatically [26, 27]. RHI was measured
at the end of each one of the 2 weeks of the
crossover phases. After the crossover, following
the implementation of a new guideline of the
network to whom the dialysis unit belongs,
each participant underwent HD with D-Mg?"
set at 0.75 mmol/L. During a 6-month follow-
up period, ion-Mg>", ionized calcium, tot-Mg**,
albumin (normal range 35-52 g/L), bicarbonate
(HCO3™~, mmol/L), phosphate (PO43, normal
range 0.81-1.42 mmol/L), and potassium (K¥,
3.5-5.1 mmol/L) were tested once a month; and
parathormone (PTH, normal range 1.6—
6.9 pmol/L) and 25-OH-vitamin D (normal val-
ues > 20 ng/ml) once every 3 months.

The standardized procedures for laboratory
analysis described above were also applied dur-
ing the follow-up phase except for PTH and
vitamin D, which were performed once every
3 months as a pre-HD blood withdrawal and
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analyzed by the central laboratory of the hos-
pital. All blood tests were determined in the
same laboratory.

Statistical Analyses

Given the pilot nature of this study the sample
size of 35 patients was primarily based on fea-
sibility considerations. Demographic, labora-
tory, and clinical characteristics at baseline were
summarized and stratified by the order of the
intervention received (D-Mg?* 0.50 and then
0.75 mmol/L vs. 0.75 and then 0.50 mmol/L).
Continuous variables are presented as mean and
standard deviation (SD). Tests for the fixed
effects of treatment, period, and sequence were
performed using linear mixed models with a
random intercept for each subject. Equality of
variance in the two groups and normality of
residual errors were checked. The carryover
effect was assessed using the Wilcoxon signed
rank test and the exact Wilcoxon rank sum test.

Adverse events were compared between the
D-Mg?" treatment groups by relative risk (RR),
and in order to take into account the crossover
design, odds ratios (ORs) obtained by logistic
regression (with random effects) were also
calculated.

Long-term effects of increasing D-Mg®" on
markers of mineral metabolism and on magne-
sium levels were investigated considering the
changes from baseline to follow-up for each one
of the parameters and comparing between
treatments and follow-up vs. baseline with
paired ttests. Changes over time for tot-Mg,
ion-Mg**, PO,*~, calcium, PTH, and 25-OH-vi-
tamin D were analyzed using linear mixed
models considering time as the repeated mea-
sure. As a result of skewed distributions, PTH
and 25-OH-vitamin D were log-transformed in
the models. To ease interpretation, results were
back-transformed. Data analysis was performed
using R statistical software (https://www.r-
project.org).

RESULTS

Patients

Figure 2 displays the flow diagram of the study.
Of the 40 patients screened for eligibility, 39
underwent randomization, completed the
crossover phase, and were analyzed for primary
and secondary outcomes. During the 6-month
follow-up phase (D-Mg®" 0.75 mmol/L), four
patients died and one patient changed dialysis
center, resulting in a sample of 34 patients
analyzed. Figure 1 depicts the study design and
patient randomization. Patient characteristics at
enrollment by treatment group are displayed in
Table 1. Characteristics were representative of a
typical Swiss HD cohort: the most prevalent
causes of ESRD were hypertension (41%) and
diabetes (33%), and the mean age was
76.6 + 11.4 years. The following hemodynamic
and arterial stiffness parameters (mean £ SD)
were observed at baseline: SBP
126.4 + 21.1 mmHg; DBP 71.0 £ 13.8 mmHg;
heart rate 66.0 + 10.1 bpm; PWV 11.3 + 1.9 m/
s; and augmentation index 27.3 £+ 12.3%.
Patients showed a normomagnesemic and nor-
mocalcemic pattern at baseline with respec-
tively 0.54 £+ 0.07 and 1.13 £ 0.10 mmol/L; six
patients were treated with magnesium supple-
ments (three in each group based on starting
D-Mg?"). No significant modifications of the
usual medication and of the remaining dialysis
prescriptions were made during the study.

Primary Outcomes: Effect of Increasing
Dialysate Magnesium on Arterial Stiffness,
Hemodynamic Patterns, and Endothelial
Functions

During the D-Mg®" 0.75 mmol/L treatment,
subjects showed an average decrease (95% con-
fidence interval) compared with D-Mg*"
0.50 mmol/L treatment of pulse wave velocity
of —091m/ s (-1.52 to —0.29; p=0.014;
absolute values for D-Mg®" of 0.75 mmol/L and
0.50 mmol/L, 11.2 and 10.3 m/s) and of pulse
pressure of —9.61 mmHg (- 18.89 to — 0.33;
p=0.04; absolute values for D-Mg>t of
0.75 mmol/L and 0.50 mmol/L, 43.9 and
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Table 1 Baseline descriptive statistics by treatment groups

Variables Whole study sample Dialysate magnesium
(n = 39) Start 0.50 then 0.75 mmol/L  Stare 0.75 then 0.50 mmol/L
(n.20) (n.19)
Demographics

Gender, men/women, 7
(%)

Age, years
Body mass index, m*/kg

Cause of ESRD (%)
Diabetes mellitus
Hypertension
Glomerular diseases
Interstitial nephritis
Other

Hemodynamic parameters
SBP, mmHg
DBP, mmHg
Heart rate, beats/min
MAP, mmHg
Pulse pressure, mmHg
Augmentation index, %
PWYV, m/s

Laboratory measurements
Creatinin, pmol/L
BUN, mmol/L
Phosphate, mmol/L
Albumin, g/L
PTH, pmol/L

25-OH-vitamin D, ng/
mL

pH (H")
Ion-Ca*", mmol/L
Ion—Mg2+, mmol/L

Potassium, mmol/L

30/9 (76.9/23.1)

76.6 £ 11.4
279 £5.7

13 (33.3)
16 (41)
4(103)
4 (10.3)
2 (5.1)

1264 + 21.1
71.0 £ 13.8
66.0 £ 10.1

964 £+ 15.6
55.4 £ 16.0
273 £ 123
113 £ 19

686.3 = 177.5
244 £+ 69
1.49 £+ 047
402 + 4.3
36.8 £ 0.98
303 £ 17.6

7.34 + 0.05
1.13 £ 0.10
0.54 £ 0.07
5.00 £ 0.78

15/5 (75/25)

744 £ 14.5
289 £ 54

6 (30)
7 (35)
4 (20)
1(5)
2 (10)

131.1 £ 187
67.9 £ 10.9

692 £ 124

100.1 £+ 15.6
57.1 £ 14.3

269 £+ 105

112 £ 2.1

683.3 £ 200.1
242 £ 7.8
1.49 £ 0.53
403 + 4.1
374 £ 20.0
30.5 £ 20.3

7.32 £ 0.05
1.11 £ 0.11
0.51 £ 0.08
5.01 £+ 0.70

15/4 (79/21)

789 £ 6.2
268 £59

121.6 + 22.9
739 £ 159
627 £53
92.5 £+ 149
53.7 £ 17.8
27.6 = 144
113 £ 1.7

689.5 £+ 155.9
245 + 6.2
1.50 &+ 0.40
40.2 £+ 4.7
36.2 £ 24.6
30.2 £ 14.8

7.36 + 0.031
1.15 £ 0.07
0.56 £ 0.06
5.00 £ 0.88
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Table 1 continued

Variables Whole study sample

Dialysate magnesium

(n = 39)

Start 0.50 then 0.75 mmol/L Start 0.75 then 0.50 mmol/L
(n.20)

(n.19)

Ultrafiltered volume, mL 2042.8 £+ 1041.02
Comorbidities (%)

1902.7 + 1090.0

22204 £ 983.1

Diabetes mellitus type 1 17 (44) 7 (35) 10 (53)
and 2

Hypertension 21 (54) 10 (50) 11 (57)
Hypercholesterolemia 24 (63) 10 (53) 14 (74)
Cancer 10 (25) 6 (30) 4 (21)
Gastointestinal disorders 9 (23) 6 (30) 3 (16)

53.6 mmHg). Concerning the hemodynamic
profile a significant reduction in systolic blood
pressure of — 12.96 mmHg (— 24.71 to — 1.22,
p=0.032) was observed with the D-Mg>"
0.75 mmol/L treatment compared with D-Mg*"
0.50 mmol/L treatment (absolute values for
D-Mg?t of 0.75mmol/L and 0.50 mmol/L,
112.8 and 125.8 mmHg). A concurrent reduc-
tion in mean blood pressure of — 7.15 mmHg
(— 15.14 to 0.83, p = 0.081; absolute values for
D-Mg?" 0.75 mmol/L and 0.50 mmol/L, 89.3
and 96.4 mmHg) was found even if not signifi-
cant. During the crossover phase no significant
changes in the other hemodynamic parameters
were observed (heart rate, diastolic blood pres-
sure), nor in laboratory tests (total magnesium,
ionized magnesium, ionized calcium) and aug-
mentation index. No periods or carryover
effects were observed. A trend towards an
endothelial function improvement of + 0.15
(= 0.35-0.65, p=0.107) during the D-Mg*"
0.75 mmol/L treatment was also observed even
if not statistically significant Figure 3 displays
results for markers of vascular stiffness, hemo-
dynamic profile, and endothelial function
parameters for subgroups. Values are shown on
adapted scales, while results are reported on
original scales.

Secondary Outcomes

During the intervention no statistically signifi-
cant differences were observed in incidence of
adverse events between D-Mg*" 0.75 mmol/L
treatment vs. D-Mg®" 0.50 mmol/L treatment
(Table 2). The relative risk for IDH was not sig-
nificantly higher in the D-Mg*" 0.75 mmol/L
treatment vs. D-Mg®" 0.50 mmol/L treatment:
RR 1.10 (95% CI 0.90-1.34); this was also the
case for intradialytic bradycardia, RR 2.0 (95%
CI 0.66-6.10), and for hypo/hypercalcemia,
respectively RR 1.03 (95% CI 0.89-1.18) and
1.13 (95% CI 0.66-1.93). The occurrence of pre-
dialytic hypermagnesemia was higher during
the D-Mg®" 0.75 mmol/L treatment phase, RR
2.89 (95% CI 1.56-5.34, p < 0.001). However
considering only the proportion of clinically
relevant hypermagnesemia (i.e., serum ionized
magnesium > 0.81 mmol/L), no cases were
detected in both phases.

Long-Term Effect on Mineral Metabolism
Markers and Serum Magnesium

During the 6-month follow-up phase a signifi-
cant increase in serum total magnesium level
was observed: from a baseline average value of
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Treatment Effect (95% Confidence Interval)

Higher Dialysate Magnesium vs Standard Dialysate Magnesium

Parameters

Arterial Stiffness

Estimate (95% Cl)
original scale*

PWV* I * | : 0.91 (-1.52,-0.29)
Al I E - | 292 (-5.63, 11.46)
Endothelial Function* E

RHI —— | 0.15 (-0.35,0.65)

Hemodynamic' \

sp | - E -12.96 (-24.71,-1.22)
DBP I ° E i -2.07 (-7.83,3.70)

MBP I ° : | -7.15 (-15.14,0.83)
PP ! * A -9.61 (-18.89,-0.33)
HR | E | -1.30 (-5.86, 3.26)

Laboratory Parameters E

Mg** i.{ 0.05 (-0.01,0.10)

Ca® ! o i -0.77 (-8.31,6.76)

pH' |—o—;—| -1.61 (-5.58,2.37)

3 5 ; :

Treatment Effect (95% Confidence Interval)

*Estimates reported on original scale
*tEstimates plotted multiplied by 0.1

Fig. 3 Treatment effect. High vs. standard dialysate
magnesium. Treatment effects (means and 95% confidence
intervals [95% CI]) for markers of arterial stiffness; high
D-Mg™* versus standard D-Mg*". Values are plotted on
different scales (AL, SBP, DBP, PP, HR, pH multiplied by

0.85 + 0.13 to 1.06 + 0.13, corresponding to a
mean percentage increase from baseline to fol-
low-up (%, 95% CI) of + 27% (95% CI 21-33),
(p <0.001 for change over time). A similar
increase was found also for whole blood ionized
magnesium, which increased from a baseline
average value of 0.57 £ 0.21 to 0.66 £+ 0.09. A
significant decrease was found for PTH, which
from a baseline value of 36.6 pmol/L (95% CI
28.8-51.9) dropped to 34.4 pmol/L (95% CI
18.7-48.9), corresponding to a mean percentage

0.1) while results are reported on the original scale. PWV
pulse wave velocity, Al augmentation index, RHI reactive
hyperemia index, SBP systolic blood pressure, DBP
diastolic blood pressure, MAP mean blood pressure, PP
pulse pressure, HR heart rate

decrease of — 11% (95% CI — 22to 1) (p = 0.034
for change over time). A significant increase was
observed for 25-OH-vitamin D with a mean
percentage change during the follow-up period
of +39% (95% CI 7-71) (p < 0.001). No sig-
nificant changes in calcium level and in phos-
phorus levels were observed (Table 3). Monthly
and quarterly percentage changes during fol-
low-up for magnesium and selected mineral
markers are shown in Fig. 4.
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Table 2 Adverse events for magnesium dialysates set at 0.50 and 0.75 mmol/L in the experimental crossover phase

Variable Dialysate magnesium RR (95% CI) p value
0.50 mmol/L 0.75 mmol/L
Intradialytic hypotension® 31 (79%) 34 (89%) 1.10 (0.90-1.34) 0.362
Intradialytic bradycardia® 4 (10%) 8 (21%) 2.0 (0.66-6.10) 0.290
Pre-hemodialysis
Hypermagnesemia® 9 (23%) 26 (67%) 2.89 (1.56-5.34) < 0.001*
Hypocalcemia® 35 (89%) 36 (92%) 1.03 (0.89-1.18) 0.692
Hypercalcemia® 15 (38%) 17 (44%) 1.13 (0.66-1.93) 0.640
Post-hemodialysis
Hypermagnesemia® 3 (1%) 36 (92%) 12.0 (4.03-35.73) < 0.001*
Hypocalcemia® 36 (92%) 33 (84%) 0.92 (0.78-1.08) 0.288
Hypercalcemia® 23 (59%) 22 (56%) 0.96 (0.65-1.40) 0.819

Values are given as number of events (percentage). Taking into account the crossover design, odds ratios (OR) were also

calculated and were almost identical to RRs
RR relative risk, CI confidence interval, HD hemodialysis

* Defined as a decrease in systolic blood pressure > 20 mmHg or a decrease in MAP, mean arterial pressure > 10 mmHg

b Defined as a heart rate < 50 beats/min

¢ Defined as a serum ionized magnesium > 0.65 mmol/L; clinical relevant hypermagnesemia, i.e., serum ionized magne-

sium > 0.81 mmol/L (not detected)

4 Defined as a serum ionized calcium < 1.14 mmol/L
¢ Defined as a serum ionized calcium > 1.21 mmol/L
*» < 0.05

DISCUSSION

Increasing magnesium in dialysate with the aim
of obtaining cardiovascular benefits represents a
captivating therapeutic option in patients
undergoing hemodialysis. In this randomized
crossover study, we have demonstrated that
increasing D-Mg?" from 0.50 to 0.75 mmol/L
improves vascular stiffness in subjects under-
going maintenance hemodialysis.

Previous findings from large epidemiological
studies and randomized controlled trials con-
firmed the hypothesis that magnesium supple-
mentation has a protective effect on CV risk,
suggesting arterial stiffness improvement as the
underlying mechanism [28, 29]. However, the
consequences of increasing D-Mg?" on vascular
stiffness and endothelial functions have not
been investigated previously in patients on HD.

A pathological increase in aortic stiffness,
measured as aortic pulse wave velocity, has been
well demonstrated in patients with CKD and
represents a strong independent predictor of
survival in these patients [30]. Furthermore,
arterial stiffness is considered a validated marker
for cardiovascular health in patients with CKD
[31]. Several pathophysiological mechanisms
are considered determinants of the accelerated
vascular ageing process in patients with CKD,
ranging from traditional major determinants
such as blood pressure to up-to-date mecha-
nisms concerning in particular the bone-vas-
cular axis and arterial media calcification [32].

The effect of magnesium on hemodynamic
function was previously described as a multi-
factorial phenomenon in which magnesium
exerts its vasodilatory action via a direct reduc-
tion in total peripheral resistance or a direct
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Table 3 Long-term effects of increasing dialysate magnesium on serum magnesium level and associated variables

Variable Baseline Follow-up Change from Mean change from p value for
baseline to follow-up baseline to follow-up (%, difference baseline
(95% CI) 95% CI) vs. follow-up
Ton-Mg?*, 057 £021 066 %009  0.11 (0.02-0.16) + 21 (15-29) < 0.001°
mmol/L
TorMg®, 0854 0.3 106+ 0.13 022 (0.17-0.24) + 27 (21-33) < 0.001*
mmol/L
Ion-Ca>*, L1134 009 1154008 001 (— 0.03 t0 0.05) + 1.5 (— 1 to 4) 0.724
mmol/L
POST, 149 + 046 161 £ 005 0.08 (— 0.05 to 0.30) + 11 (2-20) 0.532
mmol/L
PTH, pmol/ 366 344 —24(—851037) —11(—22t 1) 0.034*
L (28.8-51.9)  (18.7-48.9)
25-OH- 348 35.6 217 (= 37 t0 8.11)  + 39 (7-71) < 0.001*
vitamin D, (155-42.9)  (29.5-40.2)
ng/mL

Baseline and follow-up values are described as mean & SD for variables with a normal distribution (total Mg, ionized Mg,

ionized Ca, and PO4’~) and as median and interquartile range for variables with a non-normal distribution (PTH and

25-OH-vitamin D). Changes from baseline to follow-up are described as mean change with 95% CI and as percentage of

increase or decrease. Changes over time were analyzed using linear mixed models. As a result of skewed distributions, PTH
and 25-OH-vitamin D were log-transformed in the models. We back-transformed the results to present the values, for ease

of interpretation.. Baseline was defined as the mean of measurements on days —7 and 0, and follow-up as the monthly or

quarterly measurement mean after the end of the crossover

95% CI 95% confidence interval, Icm-Mg2+ ionized magnesium, 7 0t—Mg2+ total magnesium, Ion-Ca”" ionized calcium;

PO~ phosphate, PTH intact parathyroid hormone
* p value < 0.05

myocardial effect independent from changes in
preload, afterload, heart rate, or flow [33].

Moreover, findings of a previous randomized
controlled trial highlighted that in patients on
HD, increasing D-Mg”" concentration could
prevent or reduce the incidence of IDH with
important implications for dialysis tolerance
[34]. It is important to note that even if a
reduction in systolic blood pressure was found
in our study, it did not correspond to a clini-
cally significant increase in blood pressure-re-
lated events in patients exposed to higher
D-Mg?" concentrations; hemodynamic effect
which could partially explain the improvement
in vascular stiffness observed in our study.

It should be noted that a previous random-
ized controlled study found that increasing

D-Mg®" decreases calcification propensity in
subjects undergoing maintenance hemodialy-
sis, which is another well-known determinant
of arterial stiffness [11]. We can not exclude that
the wvascular improvement consequent to
increasing D-Mg content in our trial could also
be related to a decreased tendency to calcifica-
tion, but we did not investigate this aspect.
Furthermore the vascular stiffness improve-
ment found in our study was supported by a
significant decrease of pulse pressure with the
higher D-Mg®", which interrupts the “steep
pressure-volume” vicious circle (increased
pressure during ventricular ejection and
decreased during diastolic runoff), which is one
of the main determinants of large-artery stiff-
ness [35, 36]. The fact that low plasma
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Fig. 4 Mean percentage change during the follow-up with
high dialysate magnesium concentration (0.75 mmol/L)
on selected markers of mineral and bone metabolism and
on serum magnesium. Graphs represent quarterly percent-
age changes from bascline in total serum magnesium,

magnesium values are associated with high
brachial pulse pressure as well as changes in
aortic compliance related to loss of elastic
material in smooth muscle cells was previously
demonstrated [37, 38].

Our study also aimed to explore the effect of
increasing D-Mg** on endothelial functions
expressed as RHI. Despite a trend suggesting an
improvement, we were unable to show signifi-
cant changes in that parameter during the
D-Mg®" 0.75 mmol/L treatment (4 0.15, CI
— 0.35-0.65). It should be noted that even if
endothelial dysfunction is a relevant topic in
patients on HD, a very small number of previ-
ous studies have explored the reactivity of the
endothelium using RHI as a parameter in these
subjects [39]. The fact that most of these
patients have an arteriovenous fistula poten-
tially influencing the performance of the pro-
cedure could explain the small number of
published studies exploring it.

We have to highlight that our study ana-
lyzed the effect of increasing the magnesium
concentration in dialysate on whole blood
ionized magnesium in patients on HD for the
first time. This aspect is of clinical relevance,
considering its ability, comparing with total
serum magnesium, to unmask hypo- and
hypermagnesemia. In line with previous trials,
increasing ~ D-Mg?" concentration  was

Follow-up, months

phosphate, intact parathyroid hormone (PTH), and
25-OH-vitamin D (a) and monthly percentage change in
ionized calcium and ionized magnesium (b). Error bars in
all panels represent 95% confidence intervals

associated with a significant increase in serum
tot-Mg and whole blood ion-Mg, but does not
affect whole blood ionized calcium.

Previous studies have found a good correla-
tion between total and ionized magnesium in
both healthy and unhealthy populations [27].
However, currently, there is no established
threshold for defining optimal ionized Mg, and
reference values based on predictions of health
outcome are lacking. The chosen range of nor-
mality was based on a previous study performed
in our dialysis network using the same assay
(40].

Total magnesium levels are significantly
influenced by serum albumin concentration,
with an increasing risk of overestimating the
incidence of hypomagnesemia when hypoal-
buminemia is present [41]. Thus it is reasonable
to affirm that the determination of total mag-
nesium is reflective of ionized magnesium con-
centration under normoproteinemia conditions
and that the evaluation of ionized magnesium
could be clinically relevant if hypomagnesemia
is suspected and/or hypoalbuminemia is present
[42]. Nevertheless, no episodes of severe and/or
symptomatic hypermagnesemia occurred, in
both the interventional and follow-up phases.
In any case, we believe it would be prudent to
monitor serum Mg in clinical practice, consid-
ering the risk of progressive expansion of the
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magnesium  pool D-Mg>*
concentrations.

As observed during the crossover, increasing
the D-Mg** concentration could possibly lead
to a benefit in terms of arterial stiffness in the
absence of significant hemodynamic adverse
events and of unfavorable consequences on
bone metabolism during the follow-up. How-
ever, in our cohort, the mean baseline serum
magnesium  level was  relatively low
(0.84 mmol/L) comparing  with other
hemodialysis cohorts previously investigated
[18]. This aspect could be related to the older
age of our population, with a mean age of
77 years. It is therefore possible to speculate that
the safety of increasing D-Mg*" in our popula-
tion was partially due to the relatively low Mg
levels at baseline. We cannot exclude that these
findings might not be reliable for younger
cohorts with higher serum Mg levels.

Moreover, on the basis of the present find-
ings, it is not possible to affirm that increasing
the D-Mg”*" to higher concentrations (e.g.,
1 mmol/L or higher) would produce the same
benefits in the absence of adverse events.

Considering the high intra-individual vari-
ability of serum magnesium (largely multifac-
torial and dependent in particular on age,
nutritional habits, food intake and supple-
ments, and drugs), the best option in patients
on HD would be the personalization of the HD
treatment, individualizing the concentrations
of magnesium in the dialysate. However, cur-
rently, the optimal D-Mg*" concentration and
the best strategy to tailor the dialysate both
remain unknown. Determining the intraindi-
vidual variability of serum magnesium could
support the choice of the D-Mg*" concentra-
tion, allowing one to detect patients at higher
risk of hyper- and hypomagnesemia and
avoiding both extraskeletal calcifications and
the risk of adynamic bone disease.

During the follow-up phase, in which
patients were treated with high D-Mg®*", a
decreasing PTH level was observed. It is impor-
tant to note that the metabolism of magnesium
and calcium are closely interrelated and that
our observation is in line with previous experi-
mental in vivo and in vitro findings [43, 44].
Even if the exact mechanism is still not clear,

using higher

this could be the consequence of a calcimimetic
effect of Mg, stimulating the Ca-sensing recep-
tor of the parathyroid glands in a way similar to
calcium [33]. Furthermore, considering the
hemodynamic consequences of changing the
magnesium concentration in dialysate, the
intrinsic role of magnesium in calcium channel
function, increasing the production of nitric
oxide and vasodilator molecules (i.e., prostacy-
clins), and modulating the effect of vasoactive
agents also has to be highlighted [45, 46].

The present study includes some points of
strength such as its crossover design, the ran-
domization, and the long-term follow-up.
Moreover in this study, a higher incidence of
adverse events in the D-Mg*" 0.75 mmol/L
compared with the D-Mg®" 0.50 mmol/L treat-
ment group was not found. However, it is
important to note that the hemodynamic
events considered as adverse events in the pre-
sent study are not Mg-specific, and could be
related to other HD intercurrent conditions. In
any case the absence of significant differences in
adverse events between treatment groups allows
us to postpone a cause—effect speculation.
Finally, we have to acknowledge that consider-
ing the relatively small size of the study cohort
and the short duration of the crossover phases,
it was not possible to rule out rare or long-term
complications.

We also have to acknowledge some further
limitations: the single-center design, the rela-
tively small number of participants, and the
related limited statistical power to demonstrate
benefits in endothelial functions, the short
duration of each treatment phase, which may
not have been sufficient for the best estimate of
the benefits in terms of arterial stiffness and
endothelial functions, and the absence of
hemodynamic and endothelial function moni-
toring in the follow-up phase. The open-label
study design during the crossover phase and the
absence of a control group during the long-term
follow-up of the study represent other impor-
tant limitations of our study. Moreover, in our
cohort, the mean baseline serum magnesium
level was relatively low (0.84 mmol/L) compar-
ing with other hemodialysis cohorts previously
investigated [18]. This aspect could be related to
the older age of our population, with a mean
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age of 77 years. It is therefore possible to spec-
ulate that the safety of increasing D-Mg*" in our
population was partially due to the relatively
low Mg levels at baseline. We cannot exclude
that these findings might not be reliable for
younger cohorts with higher serum Mg levels.

We also have to acknowledge that PWV
exhibits a certain degree of variability during
HD consequent to BP, solute concentration, and
volume status changes [47]. In any case, in the
present study no difference in ultrafiltered vol-
ume between treatment groups was detected.
Furthermore, it is important to note that studies
exploring the effect of fluid status on arterial
stiffness have shown contrasting results and
that recent findings have suggested that the
major determinant of PWV in HD could be the
arterial wall damage rather than hydration sta-
tus and BP [48].

It was also demonstrated that volume status
and overload, independently from BP, were
associated with carotid-femoral (central), but
not with carotid-brachial (peripheral) PWYV, in
patients on HD [49].

In the present study, the absence of a wash-
out completing the crossover design is a limi-
tation. A washout phase longer than the usual
3 days of intradialytic stop was, however, not
performed on the basis of two considerations:
(i) a washout including HD sessions, and using
one of the two D-Mg*" concentrations tested,
would have resulted in a prolongation of one of
the two treatment modalities under investiga-
tion; and (ii) in the worst case of a carryover
effect, the magnitude of the artery wall response
and hemodynamic changes would have been
reduced. Being aware that it is not possible to
“washout” the magnesium and come back to
the baseline value without the clearing effect of
the hemodialysis treatment, the absence of a
significant carryover or period effect was for-
mally tested and confirmed for all outcomes.
Furthermore, measurements obtained during
the D-Mg*" 0.50 mmol/L treatment, as well as
during the D-Mg*" 0.75 mmol/L treatment,
were pooled, and analyses were carried out
ignoring the treatment order. We are, however,
aware that even if we can deny any carryover
effect from a statistical perspective, we cannot

with certainty assume that all parameters
returned to pre-treatment levels.

Last but not least, the primary outcomes
investigated, even if recognized as independent
CV risk factors, are surrogate indicators of CVD.
In any case the study was not designed to assess
whether improvement in arterial stiffness and
hemodynamics was associated with a reduction
in the incidence of cardiovascular events or
mortality.

Despite all the aforementioned limitations,
this is the first randomized crossover study
which assesses the effect of high D-Mg®" con-
centration on hemodynamics, arterial stiffness,
and endothelial functions in patients with
ESRD. A larger trial may be necessary to evaluate
the effects of a 0.75 mmol/L D-Mg®" on major
clinical outcomes in patients with ESRD.

CONCLUSIONS

Increasing magnesium in dialysate represents
an easy, effective therapeutic option in patients
undergoing hemodialysis to increase serum
magnesium which could promote cardiovascu-
lar benefits. In this trial we found that D-Mg*"
at 0.75 mmol/L improves vascular stiffness in
subjects undergoing maintenance hemodialy-
sis. The present findings merit a larger trial to
evaluate the effects of increasing magnesium in
dialysate on major clinical outcomes.
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