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Abstract

Background

Dialysis patients have been shown to have low serum carnitine due to poor nutrition, depri-
vation of endogenous synthesis from kidneys, and removal by hemodialysis. Carnitine defi-
ciency leads to impaired cardiac function and dialysis-related hypotension which are
associated with increased mortality. Supplementing with levocarnitine among hemodialysis
patients may diminish incidence of intradialytic hypotension. Data on this topic, however,
lacks consensus.

Methods

We conducted electronic searches in PubMed, Embase and Cochrane Central Register of
Controlled Trials from January 1960 to 19" November 2021 to identify randomized con-
trolled studies (RCTs), which examined the effects of oral or intravenous levocarnitine (L-
carnitine) on dialysis-related hypotension among hemodialysis patients. The secondary out-
come was muscle cramps. Study results were pooled and analyzed utilizing the random-
effects model. Trial sequential analysis (TSA) was performed to assess the strength of cur-
rent evidence.

Results

Eight trials with 224 participants were included in our meta-analysis. Compared to control
group, L-carnitine reduced the incidence of dialysis-related hypotension among hemodialy-
sis patients (pooled OR = 0.26, 95% CI [0.10-0.72], p = 0.01, I? = 76.0%). TSA demon-
strated that the evidence was sufficient to conclude the finding. Five studies with 147
participants showed a reduction in the incidence of muscle cramps with L-carnitine group
(pooled OR = 0.22, 95% CI [0.06-0.81], p = 0.02, I? = 74.7%). However, TSA suggested
that further high-quality studies were required. Subgroup analysis on the route of
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supplementation revealed that only oral but not intravenous L-carnitine significantly reduced
dialysis-related hypotension. Regarding dose and duration of L-carnitine supplementation,
the dose > 4,200 mg/week and duration of at least 12 weeks appeared to prevent dialysis-
related hypotension.

Conclusion

Supplementing oral L-carnitine for at least three months above 4,200 mg/week helps pre-
vent dialysis-related hypotension. L-carnitine supplementation may ameliorate muscle
cramps. Further well-powered studies are required to conclude this benefit.

Introduction

Carnitine is a quaternary amine that serves as a transporter of long-chain fatty acids into mito-
chondria. Carnitine is essential for power generation in the cells, particularly skeletal and car-
diac muscle cells as these cells heavily rely on fatty acids as the primary sources of energy [1-
3]. Primary sources of carnitine are from endogenous synthesis from kidneys and liver along
with dietary intake [4]. Patients on chronic hemodialysis are prone to carnitine deficiency due
to impaired production from kidneys in addition to poor dietary intake. Moreover, chronic
hemodialysis patients tend to lose carnitine across dialysis membrane during hemodialysis [5-
7]. Previous studies reported the association between low blood carnitine level and poor car-
diac function, cardiac ischemia, cardiomyopathy, muscle cramps, muscle weakness and hypo-
tension [7,8].

Dialysis-related hypotension is defined as a decrease in systolic blood pressure (SBP) by
>20 mm Hg or a reduction in mean arterial pressure (MAP) by >10 mm Hg associated with a
clinical event or the need for intervention during hemodialysis or immediately after hemodial-
ysis [9,10]. The prevalence of dialysis-related hypotension was 15-30% among chronic hemo-
dialysis patients [11]. Dialysis-related hypotension is the consequence of an inadequate
cardiovascular response to the reduction in blood volume within a short period of time. Some
patients may experience nausea, vomiting, muscle cramps, and chest pain [12,13]. Dialysis-
related hypotension is also associated with higher morbidity including vascular access throm-
bosis, mesenteric ischemia, and mortality [12,14].

Previous studies investigated various treatments to help diminish the incidence of dialysis-
related hypotension including levocarnitine (L-carnitine) supplementation. However, a previ-
ous meta-analysis conducted by Lynch et al. in 2008 [15] suggested no sufficient evidence to
conclude that L-carnitine supplementation could prevent dialysis-related hypotension or mus-
cle cramps. Since then, there were novel studies published and suggested potential benefits of
L-carnitine on preventing dialysis-related hypotension. We hypothesized that L-carnitine sup-
plementation may help reduce dialysis-related hypotension episodes leading to a decrease in
morbidity and mortality among hemodialysis patients.

Therefore, the main aim of this meta-analysis was to investigate the effect of L-carnitine
supplementation on preventing dialysis-related hypotension.

Material and methods

Data sources and searches

The protocol for this systematic review is registered with PROSPERO (International Prospec-
tive Register of Systematic Reviews; no. CRD42021289065). We conducted electronic searches
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in PubMed, Embase and Cochrane Central Register of Controlled Trials from January 1960 to
November 2021 to identify randomized controlled trials (RCTs), which explored the effects of
L-carnitine supplementation on the incidence of dialysis-related hypotension among chronic
hemodialysis patients. Manual searches of the reference lists from all relevant original and
review articles were also conducted to identify additional eligible studies. This study was con-
ducted based upon the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) statement [16] provided in S1 File. Search strategy was provided in S2 File.

Selection criteria

RCT's examining the effect of L-carnitine supplementation compared to control on dialysis-
related hypotension were included. Conference abstracts were excluded. There were no restric-
tions on age, sample size or study duration. Retrieved articles were individually reviewed for
eligibility by two investigators (A.C. and P.C.). If there were any disagreements that did not
have a conclusion, a third author (W.L.) would make a consensus.

Data extraction and quality assessment

The following data were extracted from the included RCTs: authors, year of publication, coun-
try of origin, sample size, duration of follow-up, route of L-carnitine supplementation, dose,
mean age and proportion of male participants. The following outcomes of interest were exam-
ined: incidence of dialysis-related hypotension (primary outcome) and muscle cramps (sec-
ondary outcome).

Revised Cochrane risk-of-bias tool for randomized trials (RoB 2) [17] was utilized to assess
the risk of bias for RCTs. The assessment included the following components: risk of bias aris-
ing from randomization process, risk of bias due to deviation from the intended interventions,
missing outcome data, risk of bias in the measurement of the outcome and risk of bias in the
selection of the reported result. A judgment regarding the risk of bias arising from each
domain is generated by an algorithm, based on answers to the signaling questions which
includes high risk of bias, low risk of bias, or some concerns.

Data synthesis and statistical analysis

Outcomes including odds ratio of dialysis-related hypotension and muscle cramps were sum-
marized by the generic inverse variance approach of DerSimonian and Laird, which desig-
nated the weight of each study based on its variance [18]. Random effects models were used
owing to the expected clinical heterogeneity in the included populations. All pooled estimates
were shown with 95% confidence intervals (CI). We also performed subgroup analysis on the
route of L-carnitine supplementation, dose, and duration of treatment. Sensitivity analysis was
done as a dialysis technique prior to 1990 was significantly different from the current tech-
nique including the use of nonvolumetric ultrafiltration or bioincompatible membranes. Het-
erogeneity among effect sizes estimated by individual studies was described with the I” index
and the chi-square test. A value of I” of 0%-25% represents insignificant heterogeneity, 26%-
50% low heterogeneity, 51%-75% moderate heterogeneity and 76-100% high heterogeneity
[19].

Trial sequential analysis (TSA) for dialysis-related hypotension and muscle cramps was per-
formed to reduce the risk of type I errors from repetitive statistical testing and diminish ran-
dom type I and type II errors from including small trials and sparse data [20,21]. Furthermore,
TSA was utilized to help estimate the sample size for further similar trials required to have ade-
quate power. Trial sequential monitoring boundaries and required sample size were quantified
by setting type I error at 5% and power of 80% along with relative risk reduction of 60% for
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dialysis-related hypotension and 57% for muscle cramps based upon results after excluding
high-risk trials. Heterogeneity between trials was accommodated by applying random effect
models.

Publication bias was evaluated using funnel plots and the Egger test to assess for asymmetry
of the funnel plot. A p-value less than 0.05 indicates the presence of publication bias [22]. The
meta-analysis was performed by STATA/IC 14.1 (StataCorp LLC, Texas, USA) and R studio
version 1.4.1103.

Results and discussion

Characteristics and quality of the studies

After excluding 80 duplications, a total of 172 potentially relevant citations were identified and
screened. Seventeen trials were evaluated in detail, of which 8 trials with 224 participants ful-
filled the eligibility criteria and were included in this meta-analysis. The literature retrieval,
review, and selection process are displayed in Fig 1.

Characteristics of the individual trials are shown in Table 1. The trials varied in sample size
from 9 to 82 patients. From 8 trials, three followed a cross-over design [23-25]. There were 3
trials conducted in North America [24,26,27], 2 trials conducted in Europe [23,28], and 3 trials
conducted in Asia [25,29,30]. The mean age of patients ranged from 43.8 to 66.9 years old. The
duration of follow-up spanned from 6 weeks to 24 weeks. The dose of L-carnitine supplemen-
tation ranged from 3,500 to 6,300 mg/week. After meta-analysis by Lynch et al. [15] was pub-
lished in 2008, there were 3 more trials published with similar baseline characteristics to
previous studies. However, two trials [27,30] supplemented L-carnitine at a higher dose than
previous trials prior to the study by Lynch et al.
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Fig 1. Search methodology and selection process.

https://doi.org/10.1371/journal.pone.0271307.9001
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Table 1. Main characteristics of studies included in the meta-analysis of the effects of L-carnitine on dialysis-related hypotension.

Author Year of Trial Country | Number of Meanage| % Duration of Route of Dose of L-carnitine
publication design patients Male | treatment (weeks) supplementation (mg/week)

Casciani et al. 1983 Crossover Ttaly 9 NA 61 8 Oral 4620

Ahmad et al. 1990 Parallel USA 82 478424 | 62 24 v 4200

Semeniuk et al. 2000 Crossover | Canada 16 66.9 31 12 v 4200
+15.9

Vaux et al. 2003 Parallel UK 26 61.3 73 16 v 4200
+17.7

Rathod et al. 2006 Parallel India 20 43.8 90 8 v 4200
+12.8

Kudoh et al. 2013 Parallel Japan 18 66.7£7.7 | 44 12 Oral 6300

Khosroshahi et al. 2013 Crossover Iran 20 51.35 55 6 Oral 3500

+12.90
Ibarra-Sifuentes 2017 Parallel Mexico 33 46.8 55 12 v 6300
etal. +14.8

USA, United States of America; UK, United Kingdom; NA, not applicable; IV, intravenous.

https://doi.org/10.1371/journal.pone.0271307.t001

Risk of bias

According to the revised Cochrane risk-of-bias tool for randomized trials, with respect to the
overall risk of bias, two studies had low risk of bias [28,30]; fours studies with some concerns
for risk of bias [24,26,27,29] and another two studies had high risk of bias [23,25]. In terms of
risk of bias arising from the randomization process, two studies had high risk of bias [23,25]
and two studies raised some concerns [26,29]. For risk of bias due to deviations from the
intended interventions, four studies raised some concerns [23,25-27]. Two studies raised
some concerns for missing outcome data. All studies had low risk of bias in the measurement
of the outcome and risk of bias in selection of the reported result. There was no study that had
high risk of bias in all domains (Table 2).

Effect of L-carnitine on dialysis-related hypotension

Eight study arms with 224 participants demonstrated a significantly lower odds of dialysis-
related hypotension among L-carnitine supplementation group compared to placebo (pooled
OR =0.26, 95% CI [0.10-0.72], p = 0.01, I = 76.0%) (Fig 2).

Table 2. Risk of bias according to revised Cochrane risk-of-bias tool for randomized trials.

Risk of bias arising from the | Risk of bias due to deviations Missing Risk of bias in Risk of bias in Overall risk
randomization process from the intended outcome data | measurement of the selection of the of bias
interventions outcome reported result
Casciani et al. [23] High Some concerns Low Low Low High
Ahmad et al.[26] Some concerns Some concerns Low Low Low Some
concerns
Semeniuk et al.[24] Low Low Some Low Low Some
concerns concerns
Vaux et al.[28] Low Low Low Low Low Low
Rathod et al.[29] Some concerns Low Low Low Low Some
concerns
Kudoh et al.[30] Low Low Low Low Low Low
Khosroshahi et al. High Some concerns Low Low Low High
[25]
Ibarra-Sifuentes Low Some concerns Some Low Low Some
etal.[27] concerns concerns

https://doi.org/10.1371/journal.pone.0271307.t1002
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Effect of L-carnitine and dialysis related hypotension

Study %
ID ES (95% ClI) Weight
Casciani et al. (1983) —_— : 0.002 (0.0002, 0.03)  9.20
1
Ahmad et al. (1990) —— 0.68 (0.23, 1.97) 16.48
1
1
Semeniuk et al. (2000) —_— 1.20 (0.27, 5.25) 14.11
1
!
Vaux et al. (2003) S 1.00 (0.06, 17.75) 7.68
!
1
rathod et al. (2006) —_— 1.00 (0.05, 18.57) 7.55
1
Kudoh et al. (2013) —_— 0.02 (0.00, 0.20) 10.72
!
1
Khosroshahi et al. (2013) — 0.58 (0.14, 2.50) 14.35
1
|
Ibarra-Sifuentes et al. (2017) L g 0.28 (0.21, 0.37) 19.91
Overall (I-squared =76.0%, p =0.01) <> 0.26 (0.10,0.72) 100.00
i
NOTE: Weights are from random effects analysis :
= T
A il 10
Favor L-carnitine Favor placebo

Fig 2. Forest plots of the included studies assessing odds ratio of dialysis-related hypotension.

https://doi.org/10.1371/journal.pone.0271307.9002

TSA was performed with o of 5% (two-sided), B of 20% and a relative risk reduction of 60%
calculated using the incidence rate of trials with low risk of bias. The required information size
was estimated to be 172. As shown in Fig 3A, the cumulative Z curve crossed both the required
information size and conventional boundary. Thus, given existing evidence, the lower odds of
dialysis-related hypotension among hemodialysis patients supplementing with L-carnitine
could be considered conclusive.

In the subgroup analysis on route of L-carnitnine supplementation, three studies supple-
menting L-carnitine orally (47 participants) demonstrated a significant lower odds of dialysis-
related hypotension comparing L-carnitine to placebo (pooled OR = 0.03, 95% CI [0.001-
0.96], p = 0.04, I* = 88.3%) while 5 studies supplementing L-carnitine intravenously (177 par-
ticipants) failed to reveal a difference in incidence of dialysis-related hypotension between
these two groups (pooled OR = 0.51, 95% CI [0.25-1.06], p = 0.07, I = 42.7%) (Table 3).

Subgroup analysis on dose of L-carnitine supplementation was investigated. Our study
used 4,200 mg/week as a cut point as this was a median value. Three studies supplementing L-
carnitine > 4,200 mg/week (60 participants) demonstrated a significant lower odds of dialysis-
related hypotension comparing L-carnitine group to control group (pooled OR = 0.03, 95% CI
[0.001-0.58], p = 0.02, I = 90.0%). Five studies supplementing < 4,200 mg/week (164 partici-
pants) showed a non-significant difference in dialysis-related hypotension between treatment
and placebo group (pooled OR = 0.78, 95% CI [0.39-1.57], p = 0.48, I* = 0%) (Table 3).

Stratified by the duration of treatment, we utilized 12 weeks as a cut point since this value
was a median. Five studies with a duration of treatment at least 12 weeks (175 participants)
showed a lower odds of dialysis-related hypotension comparing L-carnitine to control group
(pooled OR =0.37, 95% CI [0.14-0.98], p = 0.04, 2 = 66.4%) while three studies with a dura-
tion of treatment less than 12 weeks (49 participants) failed to demonstrate a difference in inci-
dence of dialysis-related hypotension between these two groups (pooled OR = 0.11, 95% CI
[0.003-4.40], p = 0.24, I* = 88.0%) (Table 3).
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a Trial sequential analysis on the effect of L-carnitine on dialysis-related
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Fig 3. a. Trial sequential analysis on the effect of L-carnitine on dialysis-related hypotension. b. Trial sequential
analysis on the effect of L-carnitine on muscle cramps.

https://doi.org/10.1371/journal.pone.0271307.9003
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Table 3. Summary effects of L-carnitine and subgroup analysis on the route of L-carnitine supplementation, dose and duration of treatment on outcomes of interest

among hemodialysis patients.

Parameters Number of studies Sample Size OR 95% CI P-value r
Dialysis-related hypotension 8 224 0.26 (0.10-0.72) 0.01 76.0
Route

Oral 3 47 0.03 (0.001-0.96) 0.04 88.3

v 5 177 0.51 (0.25-1.06) 0.07 42.7
Dose

> 4,200 mg/week 3 60 0.03 (0.001-0.58) 0.02 90

< 4,200 mg/week 5 164 0.78 (0.39-1.57) 0.48 0
Duration

> 12 weeks 5 49 0.37 (0.14-0.98) 0.04 66.4

< 12 weeks 3 175 0.11 (0.003-4.40) 0.24 88
Muscle cramps 5 147 0.22 (0.06-0.81) 0.02 74.7

https://doi.org/10.1371/journal.pone.0271307.t003

Effect of L-carnitine on muscle cramps

Five study arms with 147 participants reported a lower odds of muscle cramps comparing L-
carnitine group to control group (pooled OR = 0.22, 95% CI [0.06-0.81], p = 0.02, I* = 74.7%)
(Table 3).

TSA was performed with o of 5% (two-sided), B of 20% and a relative risk reduction of 57%
calculated using the incidence rate of trials with low risk bias. The required information size
was calculated to be 200. As shown in Fig 3B, the cumulative Z curve crossed the conventional
boundary but did not cross the trial sequential monitoring boundary indicating that the effect
might be false positive. Therefore, further studies are required.

Sensitivity analysis

Dialysis technique prior to 1990 was significantly different from the current technique includ-
ing but not limited to the use of nonvolumetric ultrafiltration or bioincompatible membranes.
Therefore, we excluded Casciani et al. which was conducted prior to 1990. The pooled odds
ratio of dialysis-related hypotension was 0.42 (95% CI [0.20-0.90], p = 0.03, I* = 54.9%) com-
paring L-carnitine to placebo. However, regarding muscle cramps, there was no significant dif-
ference between the treatment and placebo group (pooled OR = 0.39, 95% CI [0.09-1.07],
p=0.07, I* = 47.5%).

Subgroup analysis on the design of randomized controlled trials, 3 studies with cross-over
trials demonstrated the odds ratio of dialysis-related hypotension was 0.13 (95% CI [0.006-
3.10], p = 0.21, I* = 90%) comparing L-carnitine to placebo. Five studies with parallel trials
showed the odds ratio of dialysis-related hypotension was 0.32 (95% CI [0.12-0.82], p = 0.02,
I? = 56.3%) comparing L-carnitine to placebo. With regards to muscle cramps, there were lim-
ited number of studies to perform subgroup analysis based on the design of RCTs.

Assessment of publication bias

Given the number of included studies less than 10, Egger’s test and funnel plot were not per-
formed as we do not have adequate power to distinguish chance from real asymmetry [31].

Discussion

Our study is the largest meta-analysis to assess the treatment effect of L-carnitine on dialysis-
related hypotension and muscle cramps. Our study demonstrated the benefits of L-carnitine
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Table 4. Comparison between previous meta-analysis and the present study.

Population

Data sources

Inclusion

Intervention
Comparator

No. of RCTs (sample size and study
designs)

Analytical approach

Results
Dialysis-related hypotension
Muscle cramps

Subgroup

Lynch et al. (2008)

Adult patients with end-stage renal disease receiving long-
term hemodialysis

PubMed, Medline, ISI, Ovid, Manual search

Studies reported either dialysis-related hypotension or muscle
cramps

L-carnitine
Placebo

4 RCTs with 145 patients (Dialysis-related hypotension)
6 RCT's with 149 patients (Muscle cramps)

Random effect model

Pooled OR = 0.28, 95% CI [0.04,2.23]; p = 0.2, I = 80.6%
Pooled OR = 0.30, 95% CI [0.09 to 1.00]; p = 0.05, I = 70.2%

None

https://doi.org/10.1371/journal.pone.0271307.t1004

Our meta-analysis

Adult patients with end-stage renal disease receiving long-term
hemodialysis

Medline, Embase, Cochrane Library (Through Nov 2021)

Studies reported dialysis-related hypotension

L-carnitine
Placebo
8 RCT's with 224 patients

Random effect model
Trial sequential analysis

Pooled OR = 0.26, 95% CI [0.10-0.72], p = 0.01, I* = 76.0%
Pooled OR = 0.22, 95% CI [0.06-0.81], p = 0.02, I = 74.7%

Route, duration of therapy, dose of intervention

supplementation among hemodialysis patients on preventing dialysis-related hypotension and

muscle cramps. However, TSA suggested additional high-quality RCT's are required to con-

firm the benefit of L-carnitine supplementation on preventing muscle cramps. Subgroup anal-

ysis in terms of route, dose, and duration of treatment was performed to obtain more insights

on the exploration of heterogeneity. We found that oral L-carnitine supplementation of more
than 4,200 mg/week for at least 12 weeks appeared to help diminish dialysis-related

hypotension.

A previous meta-analysis by Lynch et al.[15] including 4 RCTs (145 participants) reporting
dialysis-related hypotension and 6 RCT's (149 participants) reporting muscle cramps failed to

demonstrate benefits for preventing either dialysis-related hypotension or muscle cramps

among hemodialysis patients. The nonsignificant findings were likely due to the small sample

size. Our meta-analysis included 8 RCT's with 224 participants reporting incidence of dialysis-
related hypotension. We found sufficient evidence to support the benefit of L-carnitine in pre-
venting dialysis-related hypotension. Given more studies, we were able to perform subgroup

analysis on route, dose, and duration of L-carnitine. The comparative detail of the previous
meta-analysis and the present study was illustrated in Table 4.

Carnitine plays a pivotal role in energy metabolism as it transports long-chain fatty acids
across the inner mitochondrial membrane and regulates B-oxidation of fatty acids [2]. Hemo-
dialysis patients are commonly found to have carnitine deficiency due to decreased dietary
intake, impaired endogenous synthesis, and significant removal by the dialyzer. Carnitine defi-

ciency results in cellular metabolism aberration and impaired energy production because of

diminished mitochondrial B-oxidation of fatty acids and accumulation of toxic acylcarnitine

suppressing the metabolic activity of various enzymes [2,32]. These impairments and aberra-
tions lead to muscle cramps, dialysis-related hypotension, myopathy, cardiomyopathy, and
erythropoietin-resistant anemia among hemodialysis patients [33-35].

Previous studies reported the beneficial effect of L-carnitine supplementation on improving
left ventricular mass index (LVMI) and left ventricular ejection fraction (LVEF), particularly
among those with left ventricular hypertrophy [36,37] which might help diminish dialysis-
related hypotension episodes. Although the exact mechanism remains unknown,
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supplementing L-carnitine may help facilitate f-oxidation of fatty acids for cardiac myocytes.
This may protect cardiac myocytes from local ischemia and oxidative stress preventing left
ventricular end-diastolic dysfunction and cardiac stunning [38-40]. The improvement in car-
diac function leads to an increase in cardiac output to counteract the sudden decline in systolic
blood pressure during hemodialysis reducing episodes of dialysis-related hypotension [41].

Muscle cramps during hemodialysis are thought to be from hypoxia caused by dialysis-
related hypotension, osmotic shifts, and electrolyte disturbances compounded by carnitine
deficiency [42]. L-carnitine supplementation may prevent muscle cramps by ameliorating
insufficient cellular energy supplies in skeletal muscles via enhancing the rate of B-oxidation of
fatty acids, removing short and medium-chain fatty acids, and maintaining glycogen storage
[43]. Furthermore, L-carnitine supplementation may help decrease the risk of dialysis-related
hypotension contributing to muscle cramps.

L-carnitine can be supplemented orally or intravenously. Our study demonstrated only the
benefit in preventing dialysis-related hypotension for oral L-carnitine supplementation. It is
possible that doses and frequency of L-carnitine supplementation affect the efficacy of dimin-
ishing dialysis-related hypotension. Based on studies included in our meta-analysis, the dose
per week of oral L-carnitine was higher than intravenous L-carnitine and the intravenous L-
carnitine was supplemented only during hemodialysis sessions 3 times per week. Our study
showed that only the dose above 4,200 mg/week was effective for preventing dialysis-related
hypotension. Therefore, the significant finding on oral L-carnitine supplementation decreas-
ing dialysis-related hypotension may be driven by the higher dose rather than the route of sup-
plementation per se. Interestingly, orally supplemented L-carnitine is not generally
recommended because of limited bioavailability [44] and accumulation of toxic metabolites
known as trimethylamine (TMA) and trimethylamine-N-oxide (TMAO) which are associated
with cardiovascular events and mortality [45,46]. Given this, intravenous L-carnitine supple-
mentation above 4,200 mg/week may be better to prevent dialysis-related hypotension
although is possible that intravenous L-carnitine may be also converted to TMAO as it under-
goes enterohepatic circulation [47].

Several strengths are worth mentioning in our study. Firstly, we included only RCTs to
limit significant bias and confounding compared to observational studies. Secondly, our study
performed the subgroup analysis to examine the effect of L-carnitine supplementation in a
specific route, dose, and duration of supplementation on dialysis-related hypotension among
chronic hemodialysis patients. Finally, we utilized TSA technique to calculate the required
information size and help confirm the reliability of the results. Nevertheless, our study has lim-
itations. First, even though our study had the largest sample size, 224 participants are consid-
ered a relatively small number of participants. Second, we acknowledge the heterogeneity in
our study was high even after performing subgroup analysis and utilizing a random effect
model. The residual confounders such as medications, cardiac function, and different defini-
tions in each study for dialysis-related hypotension and muscle cramps may introduce hetero-
geneity. Furthermore, subgroup analysis on route, dose, duration of treatment and study
design of RCT' could not be performed on muscle cramps due to a limited number of studies.
Moreover, due to limited numbers of studies less than 10, methods to investigate for publica-
tion bias are underpowered and can be misleading. Therefore, publication bias may occur in
our study.

Conclusions

In summary, the present meta-analysis of 8 RCTs encompassing 224 participants demon-
strated that oral L-carnitine supplementation at least 12 weeks with a dose above 4,200 mg/
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week could prevent dialysis-related hypotension. Furthermore, L-carnitine supplementation
appears to ameliorate muscle cramps, but further high-quality and well-powered studies are
required to conclude this beneficial effect.
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