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Effect of citric‑acid dialysate 
on the QTC‑interval
Karlien J. ter Meulen1,2,7*, Ben J. M. Hermans3,4,5,7, Frank M. van der Sande1, 
Bernard Canaud6, Constantijn J. A. M. Konings2, Jeroen P. Kooman1 & Tammo Delhaas3,5

Lower dialysate calcium (dCa) concentration and dialysate citric-acidification may positively affect 
calcification propensity in serum of haemodialysis (HD) patients. However, the accompanying lower 
ionized blood calcium concentration may lead to a prolonged cardiac action potential, which is 
possibly pro-arrhythmic. The aim of this study is to investigate the influence of citric-acid dialysate 
on the QT-interval corrected for heart rate (QTc) compared to conventional dialysate with different 
dCa concentrations. We conducted a four-week multicentre, randomized cross-over trial. In week one 
and three patients received acetic-acid dialysate with a dCa of 1.50 mmol/l (A1.5), in week two and 
four acetic-acid dialysate with a dCa of 1.25 mmol/l (A1.25) or citric-acid dialysate (1.0 mmol/l) with 
a dCa of 1.50 mmol/l (C1.5) depending on randomization. Patients had continuous ECG monitoring 
during one session in week one, two and four. The data of 13 patients were available for analysis. 
Results showed a significant though limited increase of QTc with C1.5 (from 427 to 444 ms (start 
to end); p = 0.007) and with A1.25 (from 431 to 449 ms; p < 0.001), but not with A1.5 (from 439 to 
443 ms; p = 0.13). In conclusion, we found that the use of C1.5 or A1.25 is associated with a significant 
prolongation of QTc which was however relatively limited.

Although lower dialysate calcium concentrations (dCa) may positively affect the calcification tendency in serum 
of haemodialysis (HD) patients1, it may also potentially have a prolonging effect on cardiac action potential2–4. 
In addition, the PACE study suggested that predialysis low serum potassium (K) and ionized calcium (iCa) are 
associated with higher risk prolongation of heart rate-corrected QT-intervals (QTc)5. HD is associated with a risk 
of prolongation of QTc6,7, which can be associated with increased mortality and sudden cardiac arrest8,9. QTc can 
be considered prolonged when ≥ 450 ms for men, and ≥ 460 ms for women10. International practice patterns are 
conflicting upon proposed dCa. Whereas a dCa of 1.25 mmol/l is more common in the United States, in Europe 
and Japan a dCa of 1.50 mmol/l is frequently used.

The most common dialysis fluid in bicarbonate (Bic) dialysis is based on a combination with acetate which 
even in small concentrations is hypothesized to have an effect on haemodynamic stability during dialysis11–14. 
Also used in Bic dialysis is the citric-acid dialysate (dCit) that showed a positive influence on the dialysis effi-
ciency while haemodynamic stability was possibly improved15,16. Citrate chelates iCa and magnesium (Mg). 
Thus lower iCa effects cardiac repolarisation and eventually can lead to an increased QTc and higher risk on 
arrhythmia2.

A continuous QTc monitoring during acetate-free biofiltration with hemodiafiltration (HDF) session with 
different dCa (1.25 mM/l, 2 mM/L and profiled Ca) showed increased QTc for the lower dCa17. Floccari et al. 
performed a hourly ECG during three acetate-free HDF sessions with dCa of 1.75 mmol/l which showed a 
negative correlation of QTc with serum Ca levels at the end4. However, most studies comparing different dCa 
concentrations only addressed differences in QTc between the start and end of dialysis, whereas to the best of our 
knowledge the effect of dCa on QTc nor the effect of dCit on the QTc during conventional HD has not been stud-
ied yet. We studied the influence of conventional Bic dialysis combined with acetate-acid with dCa 1.50 mmol/l 
(A1.5), dCa 1.25 mmol/l (A1.25) and dCit with dCa 1.50 mmol/l (C1.5) on QTc during the complete dialysis 
sessions. The hypothesis was that QTc would increase during HD with C1.5 as compared to A1.5.
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Methods
Study design.  We have conducted a multicenter, randomized cross-over trial in two Dutch hospitals with 
the primary focus on the effect of the different dialysate concentrations on calcification propensity and calcium 
mass balance. These have been published elsewhere1. The study design has been published before1. Patients 
with an a priori QTc prolongation of ≥ 470 ms were excluded from participation. We did a sub analysis on this 
study to explore the influence of the dialysates used on QTc during the complete dialysis sessions. Research-
ers obtained written informed consent from the patients. The study was primarily approved by the Medical 
Research Ethics Committee (METC) of the Maastricht University Medical Center/Academic Hospital Maas-
tricht (METC.151085) and secondary by the METC of Catharina hospital in Eindhoven. Both boards of directors 
gave approval. This study was prospectively registered in Dutch Trial Registry (NTR 5226) on the 23/04/2015. 
The study was monitored by Clinical Trial Center Maastricht and was conducted according to the principles of 
the declaration of Helsinki.

Dialysate composition.  Haemodialysis sessions were bicarbonate-based. All three dialysis fluids consisted 
of 138.0  mmol/l sodium, 0.5  mmol/l magnesium and 1.0  g/l glucose. The calcium concentration was either 
1.25 mmol/l (A1.25) or 1.50 mmol/l (A1.5 and C1.5). Whereas A1.25 and A1.5 contained 3.0 mmol/l acetate, 
the acetate was replaced with 1.0  mmol/l citrate in C1.5. Levels of K (2–3  mmol/l) and Bic (provided with 
Bibag, range 30-36 mmol/l) were individualized, but the concentrations did not change during the study. All 
used dialysates are registered products that are common in daily practice. All patients had A1.5 as their regular 
dialysate.

Electrocardiography analysis.  The Task Force Monitor (TFM, CN Systems, Austria) was used to record 
ECG during dialysis sessions. To improve ECG signal-to-noise ratio, a median complex was constructed for 
every 2 min by aligning all complexes within these two minutes on the R-peak. QT-intervals were determined 
offline using an automated tangent approach by a custom-made algorithm in MATLAB (2017a, Mathworks, 
Natick, MA, USA)18. All ECG landmarks were checked manually by one observer who was blinded for the treat-
ment. QTcs were calculated using Bazett’s formula19. The first median complex (i.e. first two minutes after start 
dialysis) was used as the baseline (QTcBaseline). For each hour of dialysis, median QTc (QTc1h, QTc2h etc.) were 
calculated. All recordings were made during the second or third session of week one, two and four in order to 
omit the effects of a long interdialytic period on the haemodynamic response during HD.

Statistical analysis.  The derived data were analysed using IBM SPSS Statistics for Windows version 23.0 
(IBM Corp. Armonk, NY, USA). Data was expressed as median with interquartile range [25th; 75th percentile]. 
Due to the small sample size, non-parametric testing was applied. Friedman was applied to investigate differ-
ences within and between the dialysates; in case of statistical significance Wilcoxon Signed Rank was used to 
investigate the change. Correlations were tested by Spearman’s rho. A p-value < 0.05 was considered statistically 
significant. No additional correction for multiplicity was used.

Results
Out of the 20 patients, 7 patients were excluded because of missing recordings (n = 3) or cardiologic disorders that 
may affect QTc (atrial fibrillation (n = 1), repolarisation disorders (n = 2) and frequent ventricular extrasystoles 
(n = 1)). Patients had a median age of 69 [51; 75] years, 7 were male (53.8%) and the median dialysis vintage was 
25 [7.5; 66] months. Causes of renal failure in the remaining 13 patients were renal vascular disease (n = 5; 38.5% 
of which 2 were due to hypertension), diabetes mellitus type 2 (n = 2; 15.4%), congenital renal dysplasia with 
urinary tract malformation (n = 1; 7.7%), membrano-proliferative glomerulonephritis (n = 1; 7.7%), chronic renal 
failure aetiology unknown (n = 1; 7.7%) and other (n = 3; 23.1%). A total of 12 (92.3%) patients were diagnosed 
for hypertension and 3 (23.1%) were current smokers.

QTc.  Data are summarized in Table 1 and Fig. 1.
Baseline QTc did not differ significantly between the three dialysis fluids. For C1.5, there was a significant 

increase of QTc between baseline and QTc1h, QTc2h, QTc3h and QTc4h (start–end p = 0.007; Table 1. Individually 
p = 0.01; p = 0.003; p = 0.006; not shown). For A1.25, there was also significant increase at QTc1h, QTc2h, QTc3h and 
QTc4h as compared to baseline (p = 0.002; p = 0.005; p = 0.009; p = 0.006 respectively; not shown). Furthermore, 
QTc2h and QTc3h significantly increased from QTc1h (p = 0.02 and p = 0.04; not shown).

There were no significant differences in QTc between the various hours of HD for A1.5. For C1.5 the largest 
QTc change was between QTcBaseline and QTc1h. For A1.25 the largest QTc change was between QTc1h and QTc2h, 
and the second biggest QTc change was found between QTcBaseline and QTc1h. In general, the largest rise in QTc 
was observed during the first hours of dialysis and was more pronounced with C1.5 and A1.25.

RR‑interval.  Only A1.25 was associated with a significant decrease of RR-interval from 869[743; 975]ms 
at baseline till 794[712; 926]ms at fourth hour (p = 0.02), with significant differences between RRBaseline and 
RR1h, RR2h, RR3h and RR4h (p < 0.05; p = 0.03; p = 0.01). There were no significant differences in ΔRR within and 
between the three dialysates (not shown).

Electrolytes.  Data is summarized in Table 2.
There was a significant difference in ΔiCa between the three dialysis fluids (p < 0.001, Table 1). It was signifi-

cantly different between A1.5 (0.09[0.06; 0.13] mmol/l) and A1.25 (0.0[−0.07; 0.02] mmol/l; p = 0.002) but as 
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well as between A1.5 and C1.5 (−0.04[−0.08; 0.03] mmol/l; p = 0.002). There was no statistical difference between 
A1.25 and C1.5 for ΔiCa (p = 0.15). When all values of ΔiCa and ΔQTC were put together, we found a signifi-
cant inverse relation (r = -0.353, p = 0.032). This was not found within the dialysates. There was no correlation 
between ΔiCa and ΔQTc. There was no statistical difference between the dialysates in ΔMg and ΔBic. There was 
a significant inverse correlation between ΔMg and ΔQTc (r = −0.6; p = 0.03) in C1.5.

Discussion
Our results showed that QTc increased significantly, though slightly during C1.5 and A1.25, but not during A1.5, 
albeit without a significant difference in QTc between the dialysis fluids. The largest changes in QTc were seen 
during the first hours of treatment for C1.5 and for A1.25.

Table 1.   Overview of QTc and RR per dialysate. Data are expressed as median with [25th; 75th percentile]. 
p-value is calculated with Friedman test between and within dialysates. A1.50 acetic-acid dialysate with 
calcium concentration 1.50 mmol/l, A1.25 acetic-acid dialysate with calcium concentration 1.25 mmol/l, 
C1.50 citric-acid dialysate with calcium concentration 1.50 mmol/l, QTcBaseline QTc of the first median complex 
(first 2 min of haemodialysis). QTc1h, QTc2h, QTc3h, QTc4h median QTc- of respectively the first, second, third 
and fourth hour of haemodialysis, ΔQTc1, ΔQTc2, ΔQTc3, ΔQTc4 delta QTc of respectively between the first hour 
and baseline, second and first, third and second, and fourth and third hour of haemodialysis. ΔQTclast = delta 
QTc between last complex and baseline, ΔQTcbase delta QTc between QTc of fourth hour and baseline.

A1.5 A1.25 C1.5 p-value

QTc in ms (N = 13)

QTcBaseline 439 [415; 447] 431 [397; 451] 427 [408; 438] 0.37

QTc1h 439 [418; 448] 440 [401; 456] 434 [416; 456] 0.23

QTc2h 442 [421; 452] 448 [409; 460] 441 [422; 457] 0.50

QTc3h 447 [422; 455] 449 [406; 463] 443 [430; 466] 0.29

QTc4h 443 [415; 460] 449 [408; 467] 444 [427; 467] 0.23

p-value 0.13  < 0.001 0.007

ΔQTc in ms (N = 13)

ΔQTc1 0 [2; 9] 5 [3; 9] 10 [2; 17] 0.15

ΔQTc2 4 [−9; 9] 7 [1; 13] 4 [−2; 13] 0.58

ΔQTc3 1 [0; 9] 1 [−4; 7] 4 [−2; 9] 0.50

ΔQTc4 1 [−5; 5] 2 [−1; 5] 0 [−3; 6] 0.93

ΔQTclast 11 [−11; 27] 17 [7; 33] 12[−5; 26] (N = 12) 0.10

ΔQTcbase 12[−14; 22] 18 [6; 27] 16[3;29] 0.23

RR-interval in ms

RRBaseline 854 [738; 908] 869 [743; 975] 810[740; 930] 0.50

RR1h 823 [745; 934] 807 [757; 978] 804 [755; 909] 0,58

RR2h 781 [730; 928] 813 [719; 956] 819 [740; 916] 0.74

RR3h 794 [703; 948] 805 [730; 938] 830 [753; 952] 0.20

RR4h 799 [696; 950] 794 [712; 926] 827 [782; 920] 0.37

p-value 0.58 0.02 0.56

Figure 1.   QTc displayed per hour: Data are expressed as median with minimum and maximum. A1.5 = acetic-
acid dialysate with calcium concentration 1.50 mmol/l. A1.25 = acetic-acid dialysate with calcium concentration 
1.50 mmol/l. C1.5 = citric-acid dialysate with calcium concentration 1.50 mmol/l. QTcBaseline = QTc of the first 
median complex (first 2 min of haemodialysis). QTc1h, QTc2h, QTc3h, QTc4h = median QTc of respectively the 
first, second, third and fourth hour of haemodialysis. *p-value was measured with Friedman’s test.
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In accordance with Floccari et al4, we suggest that the change in QTc is most likely caused by intra- and 
extracellular shifts of electrolytes, which are likely most pronounced at the start of dialysis because at this point 
in time the concentration gradient is the largest. Genovesi et al. also found a significant increase of QTc in the 
first hour of low dCa (1.25 mmol/l) and low potassium (2 mmol/l)20. Also another study with A1.25 observed a 
larger mean Ca loss in dialysate and ultrafiltrate at the beginning of the treatment as compared to its end21. An 
“in vivo” and “in silico” analysis was conducted by Severi et al. showing that ventricular repolarization duration 
is influenced by change of serum potassium and calcium depending on the dialysate concentration22. Other 
studies also showed that concentrations of Ca and K in dialysate are associated with changes in QTc20,23. Also in 
peritoneal patients, lower dCa concentrations (1.25 mmol/l) were associated with a significant increase in the 
QTc interval during a single dwell in contrast to a dwell with a high dCa concentration (1.75 mmol/l), although 
absolute changes were small24.

In accordance with previous studies2, we found a significant inverse relation between ΔiCa and ΔQTc when 
all values were put together. We did not find this relation within dialysates, most likely due to the small cohort 
of the study. Our finding that QTc remained mainly stable in A1.5 is in conformation with other studies2.

Based on in silico simulations, Loewe et al. suggested that heart rate variation could be calcium dependent25. 
We only found a significant decrease in RR-interval during A1.25 which could be caused by the decrease in iCa, 
but this was not seen with C1.5 even though postdialysis iCa was similar.

In A1.25 and C1.5, there was an increase of QTc during dialysis. This could be due to the lower Ca concentra-
tion in dialysate, as observed in a study by Severi et al.22. An important factor to incorporate in choosing the right 
dialysate concentration is whether a neutral calcium balance can be reached1,26. For example, calcium-profiled 
haemodialysis suggested by Severi et al. might have a similar QTc interval as high dCa, but with a more negative 
balance17. It is of interest to find a model where calcium can be personalized in order to maintain a neutral bal-
ance and to minimize the calcium burden and the risk for rhythm disturbances. Eventhough QT changes were 
observed, no clinical arrythmia was detected during the study period.

QT-intervals were corrected using Bazett’s correction method since this is the most used correction method. 
However. Studies have shown an over- and underestimation of QTc Bazett at RR intervals < 1000 ms and > 1000 ms 
respectively27,28. We therefore repeated the analysis after correcting the QT-intervals using Friderica’s, Fragmin-
ham’s and Hodges’ correction methods. No different significant effects were seen after using the other correction 
methods, i.e. only a mild prolongation in A1.25 and C1.5 (Supplementary Tables S1–3).

We did see an inverse correlation between ΔMg and ΔQTc. The difference might additionally be caused by a 
decline in ionized Mg, which can also be caused due to the chelating effect of citric acid. Regrettably, we did not 
have the opportunity to assess ionized Mg levels in our study. Because Mg was measured in the second or third 
dialysis with a specific dialysate, the significant difference could be caused by the C1.5 because of the chelating 
effect of citrate on Mg. However, the differences in predialysis Mg could also be by chance due to the small sample 
size and standard laboratory differences.

A limitation of our study is its small study size and the fact that patients with significantly increased QTc at 
baseline were excluded. Furthermore, QTc-dispersion between leads could not be calculated since precordial 
ECG leads were not recorded. For future research, it might be relevant to follow-up QTc in the hours after HD 
because it is known that Ca may rebound up to 180 min after dialysis29. It might also be of added value to monitor 
at-risk patients with implanting devices such as Reveal LINQ for detecting arrhythmias30,31. We did not measure 
plasma K values, which would have allowed to study the interaction between the effect of changes in plasma K 
and iCa on QTc.

Although the effects on QTc appeared in general to be relatively minor in our study population, we suggest 
that this study can contribute to the clinical decision to individualize the optimal dialysate for each patient, which 

Table 2.   Overview of electrolytes per dialysate. Data is expressed as median with with [25th; 75th percentile]. 
p-value is calculated with Friedman test between dialysates. A-Ca1.50 acetic- acid dialysate with calcium 
concentration 1.50 mmol/l, A-Ca1.25 acetic-acid dialysate with calcium concentration 1.25 mmol/l, 
C-Ca1.50 citric-acid dialysate with calcium concentration 1.50 mmol/l, iCa ionized calcium, Mg magnesium, 
Bic bicarbonate, ΔiCa, ΔMg, ΔBic are calculated as post-dialysis minus predialysis values,  ΔQTclast delta QTc 
between last complex and baseline. ^r and p are measured with Spearmans’s correlation.

A1.5 A1.25 C1.5 p-value

iCa in mmol/l (N = 12)

Predialysis 1.14[1.07; 1.20] 1.13 [1.09; 1.21] 1.14 [1.06; 1.21] 0.91

Post dialysis 1.23 [1.20; 1.30] 1.12 [1.08; 1.17] 1.10 [1.01; 1.13]  < 0.001

ΔiCa 0.09 [0.06; 0.13] 0.0 [−0.07; 0.02] −0.04 [−0.08; 0.03]  < 0.001

ΔQTclast vs. ΔiCa (r; p)^ 0.13; 0.70 −0.49; 0.09 −0.46; 0.12 (N = 12)

Magnesium in mmol/l (N = 13)

Predialysis 0.93 [0.84; 0.96] 0.90 [0.85; 1.00] 0.89; [0.77; 0.93] 0.01

Post dialysis 0.79 [0.75; 0.82] 0.78 [0.75; 0.83] 0.71 [0.68; 0.75]  < 0.001

ΔMg −0.12 [−0.19; 0.05] −0.10 [−0.22; −0.09] −0.16 [ −0.22; −0.08] 0.47

ΔQTclast vs. ΔMg (r;p)^ 0.25, 0.41 −0.47; 0.11 −0.6; 0.03 (N = 12)

Bicarbonate in mmol/L (N = 13)

Predialysis 24.0 [22–25.4] 23.9 [22.4; 26.0] 23.8 [23.0; 25.0] 0.33

Post dialysis 28.0 [21.2; 30.0] 29.0 [26.8; 30.1] 28.0 [27.0; 29.4] 0.14

ΔBic 4.3 [3.0; 6.5] 5.0 [2.5; 6.3] 4.4 [3.0; 5.7] 0.25

ΔQTclastvs. ΔBic (r;p)^ −0.37; 0.22 −0.16; 0.61 0.17; 0.58 (N = 12)



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:9909  | https://doi.org/10.1038/s41598-021-89083-w

www.nature.com/scientificreports/

can be based on the calcification propensity1, haemodynamic stability, calcium balance, the pre-existing QTc-
interval or the use of QTc-prolongating medications. Extrapolating the results of our study, the effects of dCit 
with dCa 1.5 on the QTc-interval and calcium mass balances are comparable to those of dAcet with a 0.25 mmol/l 
lower dCa which is used worldwide. In conclusion, we found that the use of C1.5 or A1.25 is associated with a 
significantly prolongation of QTc which was however relatively limited.

Data availability
Data cannot be shared publicly because of privacy of research participants (i.e., data contain potentially identifi-
able patient information). Restrictions on sharing of such data are imposed by the EU General Data Protection 
Regulation (GDPR). Data are available for researchers who meet the criteria for access to confidential data, on 
reasonable request. Data can be requested via Maastricht UMC + , Dept. of Internal Medicine, Div. of Nephrol-
ogy (secretariaat.nefrologie@mumc.nl) or the principal investigator, Prof. Dr. J. P. Kooman (jeroen.kooman@
mumc.nl).

Received: 4 November 2020; Accepted: 19 April 2021

References
	 1.	 Ter Meulen, K. J. et al. Citric-acid dialysate improves the calcification propensity of hemodialysis patients: A multicenter prospec-

tive randomized cross-over trial. PLoS ONE 14, e0225824. https://​doi.​org/​10.​1371/​journ​al.​pone.​02258​24 (2019).
	 2.	 Nappi, S. E., Virtanen, V. K., Saha, H. H., Mustonen, J. T. & Pasternack, A. I. QTc dispersion increases during hemodialysis with 

low-calcium dialysate. Kidney Int. 57, 2117–2122. https://​doi.​org/​10.​1046/j.​1523-​1755.​2000.​00062.x (2000).
	 3.	 Covic, A. et al. Haemodialysis increases QT(c) interval but not QT(c) dispersion in ESRD patients without manifest cardiac disease. 

Nephrol. Dial. Transplant. 17, 2170–2177. https://​doi.​org/​10.​1093/​ndt/​17.​12.​2170 (2002).
	 4.	 Floccari, F. et al. QTc interval and QTc dispersion during haemodiafiltration. Nephrology (Carlton) 9, 335–340. https://​doi.​org/​10.​

1111/j.​1440-​1797.​2004.​00333.x (2004).
	 5.	 Kim, E. D. et al. Associations of serum and dialysate electrolytes with QT interval and prolongation in incident hemodialysis: The 

Predictors of Arrhythmic and Cardiovascular Risk in End-Stage Renal Disease (PACE) study. BMC Nephrol. 20, 133. https://​doi.​
org/​10.​1186/​s12882-​019-​1282-5 (2019).

	 6.	 Nie, Y. et al. Electrocardiographic abnormalities and QTc interval in patients undergoing hemodialysis. PLoS ONE 11, e0155445. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01554​45 (2016).

	 7.	 Alabd, M. A., El-Hammady, W., Shawky, A., Nammas, W. & El-Tayeb, M. QT interval and QT dispersion in patients undergoing 
hemodialysis: Revisiting the old theory. Nephron Extra 1, 1–8. https://​doi.​org/​10.​1159/​00032​8930 (2011).

	 8.	 Genovesi, S. et al. Dynamic QT interval analysis in uraemic patients receiving chronic haemodialysis. J. Hypertens. 21, 1921–1926. 
https://​doi.​org/​10.​1097/​00004​872-​20031​0000-​00020 (2003).

	 9.	 Genovesi, S. et al. A case series of chronic haemodialysis patients: Mortality, sudden death, and QT interval. Europace 15, 1025–
1033. https://​doi.​org/​10.​1093/​europ​ace/​eus412 (2013).

	10.	 Rautaharju, P. M. et al. AHA/ACCF/HRS recommendations for the standardization and interpretation of the electrocardiogram: 
Part IV: The ST segment, T and U waves, and the QT interval: a scientific statement from the American Heart Association Elec-
trocardiography and Arrhythmias Committee, Council on Clinical Cardiology; the American College of Cardiology Foundation; 
and the Heart Rhythm Society. Endorsed by the International Society for Computerized Electrocardiology. J. Am. Coll. Cardiol. 
53, 982–991, https://​doi.​org/​10.​1016/j.​jacc.​2008.​12.​014 (2009).

	11.	 Movilli, E. et al. A prospective comparison of bicarbonate dialysis, hemodiafiltration, and acetate-free biofiltration in the elderly. 
Am. J. Kidney Dis. 27, 541–547. https://​doi.​org/​10.​1016/​s0272-​6386(96)​90165-1 (1996).

	12.	 Cavalcanti, S. et al. Model-based study of the effects of the hemodialysis technique on the compensatory response to hypovolemia. 
Kidney Int. 65, 1499–1510. https://​doi.​org/​10.​1111/j.​1523-​1755.​2004.​00523.x (2004).

	13.	 Grandi, E. et al. Induction of NO synthase 2 in ventricular cardiomyocytes incubated with a conventional bicarbonate dialysis 
bath. Nephrol. Dial. Transplant. 23, 2192–2197. https://​doi.​org/​10.​1093/​ndt/​gfn020 (2008).

	14.	 Severi, S. et al. Cardiac response to hemodialysis with different cardiovascular tolerance: Heart rate variability and QT interval 
analysis. Hemodial. Int. 10, 287–293. https://​doi.​org/​10.​1111/j.​1542-​4758.​2006.​00110.x (2006).

	15.	 Schmitz, M. et al. Effects of citrate dialysate in chronic dialysis: A multicentre randomized crossover study. Nephrol. Dial. Trans-
plant. 31, 1327–1334. https://​doi.​org/​10.​1093/​ndt/​gfv347 (2016).

	16.	 Gabutti, L., Lucchini, B., Marone, C., Alberio, L. & Burnier, M. Citrate- vs. acetate-based dialysate in bicarbonate haemodialysis: 
Consequences on haemodynamics, coagulation, acid-base status, and electrolytes. BMC Nephrol. 10, 7, https://​doi.​org/​10.​1186/​
1471-​2369-​10-7 (2009).

	17.	 Severi, S. et al. Calcium profiling in hemodiafiltration: A new way to reduce the calcium overload risk without compromising 
cardiovascular stability. Int. J. Artif. Organs 37, 206–214. https://​doi.​org/​10.​5301/​ijao.​50003​20 (2014).

	18.	 Hermans, B. J. M. et al. The development and validation of an easy to use automatic QT-interval algorithm. PLoS ONE 12, e0184352. 
https://​doi.​org/​10.​1371/​journ​al.​pone.​01843​52 (2017).

	19.	 Bazett, H. An analysis of the time-relation of electrocardiograms. Heart 7, 353–370 (1920).
	20.	 Genovesi, S. et al. Electrolyte concentration during haemodialysis and QT interval prolongation in uraemic patients. Europace 10, 

771–777. https://​doi.​org/​10.​1093/​europ​ace/​eun028 (2008).
	21.	 Fernandez, E., Borras, M., Pais, B. & Montoliu, J. Low-calcium dialysate stimulates parathormone secretion and its long-term use 

worsens secondary hyperparathyroidism. J. Am. Soc. Nephrol. 6, 132–135 (1995).
	22.	 Severi, S. et al. Calcium and potassium changes during haemodialysis alter ventricular repolarization duration: In vivo and in 

silico analysis. Nephrol. Dial. Transplant. 23, 1378–1386. https://​doi.​org/​10.​1093/​ndt/​gfm765 (2008).
	23.	 Di Iorio, B. et al. Dialysate bath and QTc interval in patients on chronic maintenance hemodialysis: Pilot study of single dialysis 

effects. J. Nephrol. 25, 653–660. https://​doi.​org/​10.​5301/​jn.​50000​36 (2012).
	24.	 Genovesi, S. et al. Acute effect of a peritoneal dialysis exchange on electrolyte concentration and QT interval in uraemic patients. 

Clin. Exp. Nephrol. 23, 1315–1322. https://​doi.​org/​10.​1007/​s10157-​019-​01773-y (2019).
	25.	 Loewe, A. et al. Hypocalcemia-induced slowing of human sinus node pacemaking. Biophys. J. 117, 2244–2254. https://​doi.​org/​10.​

1016/j.​bpj.​2019.​07.​037 (2019).
	26.	 Bosticardo, G. et al. Optimizing the dialysate calcium concentration in bicarbonate haemodialysis. Nephrol. Dial. Transplant. 27, 

2489–2496. https://​doi.​org/​10.​1093/​ndt/​gfr733 (2012).
	27.	 Puddu, P. E. et al. Evaluation of 10 QT prediction formulas in 881 middle-aged men from the seven countries study: Emphasis on 

the cubic root Fridericia’s equation. J. Electrocardiol. 21, 219–229. https://​doi.​org/​10.​1016/​0022-​0736(88)​90096-9 (1988).

https://doi.org/10.1371/journal.pone.0225824
https://doi.org/10.1046/j.1523-1755.2000.00062.x
https://doi.org/10.1093/ndt/17.12.2170
https://doi.org/10.1111/j.1440-1797.2004.00333.x
https://doi.org/10.1111/j.1440-1797.2004.00333.x
https://doi.org/10.1186/s12882-019-1282-5
https://doi.org/10.1186/s12882-019-1282-5
https://doi.org/10.1371/journal.pone.0155445
https://doi.org/10.1159/000328930
https://doi.org/10.1097/00004872-200310000-00020
https://doi.org/10.1093/europace/eus412
https://doi.org/10.1016/j.jacc.2008.12.014
https://doi.org/10.1016/s0272-6386(96)90165-1
https://doi.org/10.1111/j.1523-1755.2004.00523.x
https://doi.org/10.1093/ndt/gfn020
https://doi.org/10.1111/j.1542-4758.2006.00110.x
https://doi.org/10.1093/ndt/gfv347
https://doi.org/10.1186/1471-2369-10-7
https://doi.org/10.1186/1471-2369-10-7
https://doi.org/10.5301/ijao.5000320
https://doi.org/10.1371/journal.pone.0184352
https://doi.org/10.1093/europace/eun028
https://doi.org/10.1093/ndt/gfm765
https://doi.org/10.5301/jn.5000036
https://doi.org/10.1007/s10157-019-01773-y
https://doi.org/10.1016/j.bpj.2019.07.037
https://doi.org/10.1016/j.bpj.2019.07.037
https://doi.org/10.1093/ndt/gfr733
https://doi.org/10.1016/0022-0736(88)90096-9


6

Vol:.(1234567890)

Scientific Reports |         (2021) 11:9909  | https://doi.org/10.1038/s41598-021-89083-w

www.nature.com/scientificreports/

	28.	 Strohmer, B., Schernthanere, C., Paulweber, B. & Pichler, M. Gender-specific comparison of five QT correction formulae in middle-
aged participants in an atherosclerosis prevention program. Med. Sci. Monit. 13, CR165–171 (2007).

	29.	 Maduell, F. et al. Dialysate calcium individualisation: A pending issue. Nefrologia 32, 579–586. https://​doi.​org/​10.​3265/​Nefro​logia.​
pre20​12.​May.​11391 (2012).

	30.	 Purerfellner, H. et al. Miniaturized Reveal LINQ insertable cardiac monitoring system: First-in-human experience. Heart Rhythm 
12, 1113–1119. https://​doi.​org/​10.​1016/j.​hrthm.​2015.​02.​030 (2015).

	31.	 Charytan, D. M. et al. Arrhythmia and sudden death in hemodialysis patients: Protocol and baseline characteristics of the moni-
toring in dialysis study. Clin. J. Am. Soc. Nephrol. 11, 721–734. https://​doi.​org/​10.​2215/​CJN.​09350​915 (2016).

Acknowledgements
We would like to thank the staff and patients of the dialysis departments of Maastricht University Medical Centre 
and Catharina Hospital.

Author contributions
All Authors read and approved the manuscript. K.M. Study design, data acquisition, data analysis, interpretation 
of data, drafting of manuscript, final approval. B.H. Study design, data analysis, interpretation of data, drafting 
of manuscript, final approval. F.S. Study design, critical review of manuscript, final approval. B.C. Study design, 
critical review of manuscript, final approval. C.K. Critical review of manuscript, final approval. J.K. Principal 
investigator, study design, critical review of manuscript, final approval. T.D. Study design, critical review of 
manuscript, final approval.

Competing interests 
BC is a fulltime employee of Fresenius MC. Other authors have no conflicts of interest to declare. The academic 
investigators designed and performed the entire study. The study was approved and subsequently financed by 
an unrestricted grant of Fresenius.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​89083-w.

Correspondence and requests for materials should be addressed to K.J.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.3265/Nefrologia.pre2012.May.11391
https://doi.org/10.3265/Nefrologia.pre2012.May.11391
https://doi.org/10.1016/j.hrthm.2015.02.030
https://doi.org/10.2215/CJN.09350915
https://doi.org/10.1038/s41598-021-89083-w
https://doi.org/10.1038/s41598-021-89083-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of citric-acid dialysate on the QTC-interval
	Methods
	Study design. 
	Dialysate composition. 
	Electrocardiography analysis. 
	Statistical analysis. 

	Results
	QTc. 
	RR-interval. 
	Electrolytes. 

	Discussion
	References
	Acknowledgements


