Lee et al. Annals of Intensive Care (2023) 13:14 An na|5 Of Intensive Ca re
https://doi.org/10.1186/s13613-023-01116-x

L ®
Intravenous vitamin C monotherapy e

in critically ill patients: a systematic review
and meta-analysis of randomized controlled
trials with trial sequential analysis

Zheng-Yii Lee'®, Luis Ortiz-Reyes’®, Charles Chin Han Lew?®, M. Shahnaz Hasan', Lu Ke**, Jayshil J. Patel°®,
Christian Stoppe”® and Daren K. Heyland?"

Abstract

Background A recent landmark randomized controlled trial (RCT) in septic patients demonstrated an increased

risk of death and persistent organ dysfunction with intravenous Vitamin C (IVVC) monotherapy, which represents a
disparate result from previous systematic reviews and meta-analyses (SRMA). We performed an updated SRMA of IVWC
monotherapy to summarize and explore heterogeneity across current trials and conduct trial sequential analysis (TSA)
to guard against type-l or type-Il statistical errors.

Methods RCTs evaluating IVVC in adult critically ill patients were included. Four databases were searched from
inception to 22 June 2022 without language restrictions. The primary outcome was overall mortality. Random effect
meta-analysis was performed to estimate the pooled risk ratio. TSA for mortality was performed using the DerSimo-
nian-Laird random effect model, alpha 5%, beta 10%, and relative risk reduction (RRR) of 30%, 25%, and 20%.

Results We included 16 RCTs (n=2130). IVWWC monotherapy is associated with significant reduction in overall mortal-
ity [risk ratio (RR) 0.73, 95% confidence interval (Cl) 0.60-0.89; p=0.002; 1> =42%)]. This finding is supported by TSA
using RRR of 30% and 25%, and sensitivity analysis using fixed-effect meta-analysis. However, the certainty of our
mortality finding was rated low using GRADE due to the serious risk of bias and inconsistency. In a priori subgroup
analyses, we found no differences between single vs multicenter, higher (> 10,000 mg/day) vs lower dose and sepsis
vs non-sepsis trials. Post-hoc, we found no differences in subgroup analysis of earlier (< 24 h) vs delayed treatment,
longer (>4 days) vs shorter treatment duration, and low vs other risk of bias studies. IVVC may have the greatest ben-
efitin trials that enrolled patients above (i.e.,>37.5%; RR 0.65, 95% CI 0.54-0.79) vs below (i.e., < 37.5%; RR 0.89, 95% Cl
0.68-1.16) median control group mortality (test for subgroup differences: p=0.06), and TSA supported this.

Conclusions [VVC monotherapy may be associated with mortality benefits in critically ill patients, particularly in
patients with a high risk of dying. Given the low certainty of evidence, this potentially life-saving therapy warrants
further studies to identify the optimal timing, dosage, treatment duration, and patient population that will benefit
most from IVVC monotherapy.
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Introduction

Vitamin C is an essential micronutrient with pleiotropic
functions and can serve as an antioxidant [1]. In criti-
cally ill patients, vitamin C level is depleted [2, 3] despite
receipt of enteral and/or parenteral nutrition sources [4]
and lower levels have been associated with worse clinical
outcomes [3, 4].

In the last decade, metabolic resuscitation using high-
dose intravenous vitamin C (IVVC) has been tested as
a pharmacotherapeutic agent to modify the inflamma-
tory cascade and improve clinical outcomes in critical
illness [5]. Most trials have evaluated high-dose IVVC
monotherapy or in combination with intravenous hydro-
cortisone and thiamine [5]. Previously, several system-
atic reviews and meta-analyses (SRMAs) of randomized
controlled trials (RCTs) were performed to evaluate the
effects of IVVC in critical illness [6—9]. Overall, no sig-
nificant effect of IVVC on mortality was found. How-
ever, in a subgroup analysis, we previously demonstrated
that IVVC monotherapy confers a greater benefit [rela-
tive risk (RR) 0.64, 95% confidence interval (CI) 0.49 to
0.83; p=0.0006], compared to combination therapy
(RR 1.00, 95% CI 0.85 to 1.18; p=10.99), and the test for
subgroup differences was significant (p=0.004) [8, 10],
further enhance the signal of mortality benefit of IVVC
monotherapy.

The Lessening Organ Dysfunction With VITamin C
(LOVIT) study, a recent large, multicenter trial compared
high-dose (200 mg/kg/day body weight for 96 h) IVVC
monotherapy to placebo in patients with septic shock
found IVVC monotherapy increased the risk of a com-
posite endpoint of death or persistent organ dysfunction
at day 28 (RR 1.21, 95% CI 1.05 to 1.40; p=0.01) [11].
However, an SRMA that included the results of LOVIT
(published at the same time) found that IVVC mono-
therapy was still associated with a significant mortality
benefit (RR 0.65, 95% CI 0.50-0.86; p =0.002), compared
to combination therapy (RR 0.94, 95% CI 0.74-1.19;
p=0.58), and there was still evidence for a significant test
for subgroup differences (p=0.04) [12]. However, this
SRMA included several studies with inappropriate study
design or patient population: a quasi-trial [13], a study
that excluded intubated patients [14], and a study that
was published in abstract form [15], which may limit the
confidence of the reported results.

The disparate findings from SRMAs of RCTs and a
well-conducted landmark RCT of IVVC monotherapy
are difficult to reconcile. It is possible that type-1 errors
may have occurred in the IVVC monotherapy subgroup
analyses of previous SRMAs, because each SRMA update
entails repeated statistical testing which would increase
the risk of random error. A statistical technique, Trial
Sequential Analysis (TSA), that is analogous to interim
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analyses in RCTs can be employed to control for type-I
error, because it sets a more stringent statistical signifi-
cance threshold for the initial trials and gradually reduces
the threshold with each subsequent trial [16]. Another
shortfall of previous SRMAs is that certain important
effect modifiers are not robustly explored [12]. Therefore,
we aim to perform an updated SRMA of RCTs specifi-
cally in critically ill patients and include TSA to robustly
examine if the effects of IVVC monotherapy are modified
by dose, timing, treatment duration, the included patient
population, or the trial quality.

Methodology

We conducted this SRMA according to the PRISMA
2020 guidelines [17]. The PRISMA 2020 checklist is
shown in the Additional file 1. The study protocol was
registered in PROSPERO (CRD42022323880).

Eligibility criteria

RCTs among critically ill patients comparing [IVVC mon-
otherapy with placebo or usual care and reported at least
one clinical outcome (mortality, infectious complica-
tions, duration of mechanical ventilation, and intensive
care unit [ICU] or hospital length of stay) were included.
Quasi-randomized trials, studies conducted among elec-
tive surgical or non-critically ill patients, studies that
used any combination therapy, and studies published in
abstract form were excluded.

Information source and search strategies

MEDLINE, EMBASE, CENTRAL and CINAHL were
searched with relevant subject headings and keywords
from database inception to 22 June 2022 without lan-
guage restrictions. Personal files and the reference list
of previous SRMAs were reviewed. Additional file 1:
Table S1 shows the search strategies.

Study selection process

One author screened the title and abstract for poten-
tial eligible studies (ZYL). The potential studies were
retrieved, and the full text were evaluated independently
by two authors (ZYL, LOR). Disagreements were dis-
cussed with the senior author (DKH).

Data collection process and data items

Data items were collected independently by two authors
(ZYL, LOR) in a standardized data abstraction form
(Additional file 1). Two studies published in Chinese
were abstracted by a single author that understands Chi-
nese (ZYL) [18, 19]. Where needed, authors were con-
tacted (up to two times) to obtain additional data.
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Study quality and risk-of-bias assessment

The quality of the included trials was evaluated indepen-
dently by two authors (ZYL, LOR) using the Canadian
Critical Care Nutrition (CCN) Methodological Qual-
ity System [8], and the Cochrane Risk of Bias version 2
(ROB2) [20]. The use of CCN Methodological Quality
System allow us to compare critical care nutrition trials
across time and topics. Any disagreements were resolved
by the senior author (DKH).

Statistical analysis and data handling

The primary outcome was overall mortality. The mortal-
ity timepoint was chosen in the following order: 28-day
mortality, hospital mortality, ICU mortality, other mor-
tality—if a study reported multiple mortality timepoints.
Secondary outcomes were: 28-day mortality, longer term
mortality (> 60 days and the longest follow-up reported),
duration of mechanical ventilation, ICU and hospital
length of stay, incidences of acute kidney injury and renal
replacement therapy, SOFA score at 96 h, dose and dura-
tion of vasopressor used, and adverse events (as reported
by the original manuscript).

Dichotomous outcomes were presented as risk ratio
(RR), while continuous outcomes were presented as
mean difference (MD) or standardized mean difference
(SMD). The DerSimonian-Laird random-effect model
was used to account for the different patients’ charac-
teristics, dosing, duration, and starting time of the IVVC
[21]. For the analysis of continuous outcome, authors of
the primary publication were contacted to obtain the
mean and standard deviation (SD) if this information
was not reported. Median and range are not converted to
mean and SD for meta-analysis.

The following subgroup analyses were planned a pri-
ori: single vs multicenter center trial, higher (adminis-
tering > 10,000 mg/day based on a 70 kg adult) vs lower
dose of vitamin C [8, 22], and sepsis vs non-sepsis trial.

For studies that had >1 group of IVVC intervention
with different dosages, the results of the two IVVC group
were combined and compared with the control group.
For subgroup analysis of higher vs lower doses of Vitamin
C, the control group sample size was distributed propor-
tionally to the two intervention groups [23]. For subgroup
analysis of < vs >24 h, it is assumed that the intervention
was initiated > 24 h for 4 studies with unclear reporting of
this information [24—-27].

Post-hoc—since LOVIT was a negative trial, which is
in the opposite direction from other trials, [28] we per-
formed a sensitivity analysis for our primary outcomes
using the fixed-effect model (Mantel-Haenszel method),
because this model assigns more weight to larger trials
[28]. We also performed a sensitivity analysis in trials,
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where the patients’ mean, or median baseline vitamin C
level was reported to be deficit (<21 pmol/L [22]). For
subgroup analysis, we added six additional post-hoc
analyses to further explore the source of heterogeneity
in included trials: studies that enrolled patients above vs
below the median overall control group mortality, > vs
<median CCN score, low vs other risk of bias, duration
of treatment >or <4 days, commencement of the inter-
vention < vs >24 h of an event, and bolus vs continuous
infusion.

Heterogeneity was quantified by the > measure. Pub-
lication bias was visualized by the funnel plot. Egger’s
test was conducted for meta-analyses that included > 10
studies [29], using STATA 16.1 (StataCorp LLC, Texas).
All meta-analysis and test for subgroup differences were
conducted using Revman 5.4 (Cochrane IMS, Oxford,
UK). A two-sided p value of <0.05 was considered statis-
tically significant, and a p value of <0.10 was considered
a trend [30].

Trial sequential analysis

To control for type-I [31] and type-II errors and fur-
ther confirming the results of our meta-analysis, TSA
for overall mortality was performed with the following
parameters [32]: alpha 5%, beta 10%, and the DerSimo-
nian-Laird random effect model. Between-trial hetero-
geneity was adjusted by the diversity-estimate (D?). The
control group mortality was the observed mortality in
this current meta-analysis (i.e., 35%), and the effect size
[relative risk reduction (RRR)] of 30% was used based on
the subgroup analysis of IVVC monotherapy in previous
meta-analyses [8, 12], with sensitivity analyses for RRR
of 25% and 20%. We also performed a sensitivity analy-
sis using the Biggerstaft-Tweedie (BT) random-effect
model as it attributes more weight to larger trials and
less weight to smaller trials [16]. All TSA was performed
using the TSA software (0.9.5.10 Beta, The Copenhagen
Trial Unit, Denmark). (See Additional file 1 for detailed
TSA explanation),

Certainty of the evidence

The Grading of Recommendations Assessment, Develop-
ment, and Evaluation (GRADE) system was used to rate
the certainty of evidence for only the primary outcome
[33]. Secondary outcomes were not evaluated, since most
of the continuous outcomes were reported as medians
(e.g., length of stay and SOFA score) and could not be
statistically aggregated or were reported only in a few
studies [e.g., incidences of acute kidney injury (AKI) or
renal replacement therapy (RRT)]. The quality of the evi-
dence was rated as high, moderate, low, and very low by
considering the risk of bias, inconsistency, indirectness,
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imprecision, and publication bias. GRADEpro was used
to prepare the GRADE evidence profile table.

Results

Study selection

A total of 1361 records were found, and 66 full texts were
assessed after the removal of duplicates and title/abstract
screening. In addition, 451 articles were screened
from citation searching and personal files, and 30 were
retrieved. Therefore, a total of 96 articles were assessed
for full-text. Finally, 16 RCTs (n=2130) were included
(Additional file 1: Figure S1) [11, 18, 19, 24-27, 34-42].
Additional file 1: Table S2 lists the excluded studies.

Study characteristics

The study characteristics are summarized in Table 1. Ten
(62.5%) studies enrolled patients with sepsis, and seven
(43.8%) were multicenter trials. The mean/median age
ranged from 29.4 to 73, where 11 (68.8%) of the stud-
ies had a mean/median age of >55 years. Ten studies
reported the acute physiology and chronic health evalu-
ation II (APACHE II) score (range: 13.5-24.5), and 11
studies reported the sequential organ failure assess-
ment (SOFA) score (range: 5.9-13.3). Seven studies
reported baseline plasma vitamin C levels (range: 3.4—
129.3 pmol/L) in which patients in six studies were con-
sidered vitamin C deficient (range: 10-22 pumol/L) [11,
19, 27, 36, 41], one study had a very borderline vitamin
C level (median: 22 pmol/L) and we also considered the
patients were deficit in vitamin C [38], and one study had
normal baseline vitamin C levels [26].

Study quality assessments

The CCN score of the studies ranged from 5 to 12, with
a median score of 9. Additional file 1: Table S3 shows the
detailed CCN score for all the included trials. In gen-
eral, studies had low risk-of-bias in the extent of follow-
up, treatment protocol, and outcome measurements;
moderate risk-of-bias in randomization, baseline char-
acteristics, analytical methods, and blinding; and high
risk-of-bias in patient selection and co-interventions
(Fig. 1A). Additional file 1: Figure S2 shows the ROB2
traffic light plot for each study. Overall, 3 (18.8%) studies
had low risk of bias, 6 (37.5%) had some concerns, and
7 (43.8%) had high risk of bias. Most studies had risk of
bias arising from the randomization process and in selec-
tion of the reported result (Fig. 1B).

Study intervention

Additional file 1: Table S4 summarizes the study inter-
ventions. Three studies had more than one group of vita-
min C intervention [19, 35, 36] in which a lower and a
higher dose of vitamin C were administered to different
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groups of patients. The events before IVVC commence-
ment were different in most studies (e.g., ICU admis-
sion/randomization/pressor  initiation/post-abdominal
surgery/head trauma/diagnosis of acute respiratory dis-
tress syndrome), and 7 studies started IVVC <24 h of an
event, whereas 9 studies started IVVC >24 to <96 h after
an event. The duration of intervention ranged from 3 to
7 days, with 11 studies administering IVVC for <4 days.
The total vitamin C received per day ranged from 450 to
24,000 mg, with 7 (43.8%) studies administered high-dose
IVVC (>10,000 mg/day). Three studies administered
IVVC through continuous infusion [26, 40, 42].

Additional file 1: Tables S5 and S6 summarize the clini-
cal outcomes and adverse events, respectively.

Results of the primary outcome

In the aggregated estimate, we found evidence for a
reduction in overall mortality (RR 0.73, 95% CI 0.60—0.89;
p=0.002; *=42%; 16 studies; Fig. 2A) associated with
IVCC. In sensitivity analyses, there was still evidence for
a reduction in overall mortality when fixed-effect model
was used (RR 0.83, 95% CI 0.73-0.93; p =0.002; Fig. 2B).
We found no evidence of subgroup differences in our
predefined subgroups of single vs multicenter studies,
sepsis vs non-sepsis patients, and higher vs lower dose
of IVVC (Fig. 3 and Additional file 1: Figures S3-S5). In
our post-hoc subgroup analyses we found no evidence of
subgroup differences between subgroups of studies with
> vs <9 CCN score, low vs other risk of bias, interven-
tion commenced < vs >24 h, duration of treatment of >
vs <4 days, and bolus vs continuous infusion (Fig. 3 and
Additional file 1: Figures S7-S11). In the subgroup analy-
sis of above vs below median control group mortality,
we observed a trend towards significant subgroup differ-
ences (p=0.06). That is, [IVVC monotherapy may benefit
sicker (RR 0.65, 95% CI 0.54—0.79; p<0.00001; I*=0%;
8 studies) but not the less sick patients (RR 0.89, 95%
CI 0.68-1.16; p=0.38; >=18%; 8 studies) (Additional
file 1: Figure S6). In studies that reported baseline vita-
min C deficit, we found no evidence of a treatment effect
(Additional file 1: Figure S12). No evidence of funnel plot
asymmetry was detected in the overall mortality analysis
(p=0.54; Additional file 1: Figure S33).

Trial sequential analysis

The TSA graphs are presented in Fig. 4 and Additional
file 1: Figures S34-S39 and summarized in Table 2.
TSA confirmed the mortality benefits of IVVC mono-
therapy with high certainty for treatment effects of 30%
and 25%. Although a larger sample size is required for
a treatment effect of 20%, there was a trend towards
significant mortality risk reduction (TSA adjusted RR
0.731, 95% CI 0.532-1.003). Sensitivity analysis using
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(A) Canadian Critical Care Nutrition Methodological Scoring Summary Plot

High risk
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(B) Risk of bias 2 Summary Plot

Bias arising from the randomization process

Bias due to deviations from intended interventions
Bias due to missing outcome data

Bias in measurement of the outcome

Bias in selection of the reported result

Overall risk of bias

25% 50% 75% 100%

| . Low risk D Some concerns . High risk |

Fig. 1 Summary of A Canadian critical care nutrition methodological scoring and B risk of bias 2

the BT model (Additional file 1: Table S7) confirmed
the mortality benefits of IVVC monotherapy with high
certainty for treatment effects of 30%, 25% and 20%.

Similarly, TSA confirmed the mortality benefits of
IVVC monotherapy with high certainty in the subgroup
of studies that recruited patients with higher control
group mortality for treatment effects of 30%, 25% and
20%, and similar results were shown in the sensitivity
analysis using the BT model. In contrast, in the sub-
group of studies that recruited patients with lower con-
trol group mortality, larger sample sizes are required
for treatment effects of 30%, 25% and 20%. While the
BT model showed that further trials are futile for treat-
ment effect of 30% and 25%, and larger sample size is
required for treatment effect of 20%

Result of the secondary outcomes

IVVC monotherapy is associated with significant
reduction in 28-day mortality (RR 0.71, 95% CI 0.53,
0.95; p=0.02; ?=55%; 9 studies; Additional file 1:
Figure S13). Similar to the main analysis, we found no
evidence of subgroup differences for 28-day mortal-
ity for all the (Additional file 1: Figures S13-S21) sub-
groups analyses except for the subgroup analysis based
on median control group mortality (Additional file 1:
Figure S16). There was a significant subgroup differ-
ences for above vs below median control group mor-
tality (p=0.0003) in which IVVC monotherapy was
associated with significant mortality reduction in trials
that enrolled sicker but not the less sick patients (Addi-
tional file 1: Figure S16). Additional file 1: Figure S22
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(A) Random-effect meta-analysis

Vitamin C Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
Ferron-Celma 2008 [} 10 4 10 3.9% 1.50 [0.60,3.74] 2008 ]
Razmkon 2011 14 49 g 27 5.4% 0.96 [0.46, 2.00] 2011 T
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Zabet 2016 2 14 9 14 2.0% 0.22 [0.06,0.85] 2016
Miu 2018 34 122 48 12 11.7% 0.65[0.46,0.93] 2019 -
Fowler 2019 25 a4 38 82 10.7% 0.64 [0.43, 0.96] 2019 -]
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Wacker 2022 16 60 26 64 9.4% 0.66 [0.39,1.10] 2021 T
Mahmoodpoor 2021 B 40 11 40 4.0% 0.55[0.22,1.33] 2021 I
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Lamontagne 2022 152 429 137 434 16.0% 1.12[0.93,1.36] 2022 il
Total (95% CI) 1102 1028 100.0% 0.73 [0.60, 0.89] L ]
Total events I 365
Heterogeneity: Tau®= 0.06; Chi*= 26.08, df=15 (P = 0.04); F= 42% ID 0 051 150 1005
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(B) Fixed-effect meta-analysis

Vitamin C Control Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Fixed, 95% Cl Year M-H, Fixed, 95% CI
Ferron-Celma 2008 4 10 4 10 1.1% 1.50 [0.60, 3.74] 2008 1
Razmkon 2011 14 49 g 27 2.8% 0.96 [0.46, 2.00] 2011 T
Fowler 2014 7 16 a g 1.8% 0.70[0.32,1.52] 2014 T
Zabet 2016 2 14 9 14 2.4% 0.22[0.06,0.85 2016
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Fowler 2019 25 a4 38 82 10.3% 064 [0.43, 086 2019 -
Chen 2019 14 a0 14 42 4.9% 0.53[0.28,1.000 2019 I
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Kassem 2021 13 40 20 40 5.3% 0.65[0.38,1.12] 2021 T
Zhang 2021 [} 27 10 29 2.6% 064 [0.27,1.53] 2021 .
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Fig. 2 Overall mortality. A Random-effect meta-analysis, and B sensitivity analysis with fixed-effect meta-analysis

shows the summary of the subgroup analysis for 28-day
mortality.

We found no evidence that IVVC impacted longer term
mortality (RR 0.98, 95% CI 0.82, 1.19; p=0.86; 4 studies)
[11, 35, 38, 41], duration of mechanical ventilation (MD
— 1.71,95% CI — 5.94, 2.52; p=0.43; P =95%; 3 studies),
ICU (MD — 0.63, 95% CI — 2.01, 0.75; p=0.37; I*=35%;
7 studies) and hospital (MD — 0.55, 95% CI — 3.0.98,
2.88; p=0.75; ’=0%; 4 studies) length of stays. No sig-
nificant differences were found for incidences of AKI (RR
0.95, 95% CI 0.81-1.11; p=0.52; P =0%; 4 studies) [11,
25, 26, 40] and RRT (RR 2.00, 95% CI 0.59-6.77; p=0.27;
P=65%; 3 studies) [11, 40, 42]. (Additional file 1:
Figures S23-528).

In studies that reported the SOFA score, we observed
a trend towards lower SOFA scores at the 96th hour for

the IVVC group (MD — 0.82, 95% CI -1.77, 0.14; p=0.09;
PP =63%; Additional file 1: Figure S29) [11, 19, 26, 41].
Four studies reported the dose of vasopressors used. The
studies reported either the total vasopressors usage in
72 [37] or 96 [19]h in pg/min, or the mean vasopressor
usage in pg/min [26] or units/min [41]. When pooled,
we found no difference in vasopressor usage between
groups (SMD — 0.26, 95% CI — 0.83, 0.31; p=0.37; Addi-
tional file 1: Figure S30). Ten studies reported the dura-
tion of vasopressors but mean and SD were available in
3 studies [19, 26, 37]. When pooled, IVVC seemed to be
associated with a reduced duration of vasopressors (MD
— 0.79 days, 95% CI — 1.24, — 0.34; p=0.0006; Addi-
tional file 1: Figure S31). Additional descriptions of these
results are available in the Additional file 1.
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Fig. 3 Subgroup analysis for overall mortality. CCN critical care nutrition

Adverse events

The adverse event rate was similar between groups (RR
1.04, 95% CI 0.90, 1.20; p=0.59; I> =0%; 12 studies; Addi-
tional file 1: Figure S32).

Certainty of the evidence
The overall certainty of the evidence using GRADE was
rated as low (Table 3). The certainty of the evidence was
downgraded due to serious risk of bias (only 3/16 of the
included trials are of low risk of bias) and inconsistency
(heterogeneity I is 42%)

(See figure on next page.)

Risk Ratio |
1.0 1.5 2.0

Discussion

Summary of main findings

This SRMA of RCTs demonstrated that IVVC mono-
therapy is associated with a significant reduction in over-
all mortality. This finding is consistent with TSA and
sensitivity analysis using the fixed-effect model meta-
analysis. However, the certainty of evidence is low due to
the serious risk of bias and inconsistency. On the other
hand, based on limited analyzable studies, IVVC mono-
therapy did not affect the duration of mechanical ventila-
tion, length of ICU and hospital stay, organ failure score
at 96 h, vasopressors dose and duration, and incidences

Fig. 4 Trial sequential analysis for overall mortality. DARIS: diversity-adjusted required information size; RRR: relative risk reduction. The Z curve in
blue measures the treatment effect (pooled relative risk). The green parallel lines are the boundaries of conventional naive alpha of 5%, and the
TSA boundaries are in red. A treatment effect outside the TSA boundaries of benefit or harm indicates that there is reliable evidence for a treatment
effect, and a treatment effect within the futility zone (the triangle between the green parallel lines) indicates that there is reliable evidence of no

treatment effect
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(B) Relative risk reduction: 25%

DARIS (RRR 25%; Control 35%; Alpha 5%; Beta 10%; Diversity 62%) is a Two-sided graph

DARIS (RRR 25%; Control 35%; Alpha 5%; Beta 10%; Diversity 62%) = 3090
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(C) Relative risk reduction: 20%

DARIS (RRR 20%; Control 35%; Alpha 5%; Beta 10%; Diversity 62%) is a Two-sided graph
DARIS (RRR 20%; Control 35%; Alpha 5%; Beta 10%; Diversity 62%) = 4902

Number of
patients
(Linear scaled)

Favours
Control

Fig. 4 (Seelegend on previous page.)
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Table 2 Trial sequential analysis for overall mortality
Relative Risk Control group P, % D% % RIS RIS achieved TSA adjusted RR (95% Cl) Results
reduction, % event rate, %
Overall analysis (16 studies; n=2130)
30% 35% 42 62 2110 - 0.731 (0.595-0.897) Sig risk reduction
25% 35% 42 62 3090 - 0.731 (0.563-0.949) Sig risk reduction
20% 35% 42 62 4902 43.5% 0.731(0.532-1.003) Trend to sig reduction
Subgroup with lower control group mortality (8 studies; n=1337)
30% 30% 18 60 2489 53.7% 0.889 (0.605-1.307) Uncertain
25% 30% 18 60 3653 36.6% 0.889 (0.560-1.412) Uncertain
20% 30% 18 60 5811 23.0% 0.889 (0.496-1.596) Uncertain
Subgroup with higher control group mortality (8 studies; n=793)
30% 45% 0 0 545 - 0.651 (0.530-0.801) Sig risk reduction
25% 45% 0 0 793 - 0.651 (0.535-0.793) Sig risk reduction
20% 45% 0 0 1251 - 0.651 (0.506-0.839) Sig risk reduction

DerSimonian-Laird Random effect model, Alpha 5%, beta 10%

RIS required information size, TSA Trial sequential analysis

of AKI and RRT. The signal of mortality reduction is not
modified by the vitamin C dose administered, whether
septic patients were included exclusively, single/multi-
center trial, the trial quality based on median CCN score
or ROB2, timing of commencement, or duration of treat-
ment. However, in sicker patients (higher median control
group mortality rate), IVVC monotherapy seemed to be
associated with a significant reduction in overall mortal-
ity. IVVC did not specifically reduce mortality in the few
available studies that reported patients with baseline vita-
min C deficiency. No evidence of adverse events or safety
issues was found.

Interpretation of the results in the context of other
evidence

Our SRMA is the first to robustly explore the effects of
IVVC monotherapy in critically ill patients through
various subgroup analyses and TSA. In contrast, previ-
ous SRMA included trials that administered both IVVC
monotherapy and combination therapy and found no
significant effect of IVVC on 28-day to 1-year mortal-
ity [10]. The overall analysis of the most recent SRMA,
among patients with severe infection, found a significant
mortality reduction at hospital discharge or 30 days [12].
However, they concluded with moderate certainty that
IVVC increased 90-day mortality (a non-statistical sig-
nificant finding, RR 1.07, 95% CI 0.94—1.21) based on a
meta-analysis of 5 trials with low risk of bias. Notably, 3
of these 5 trials investigated IVVC combination therapy
[43—-45]. They further compared IVVC monotherapy and
combination therapy and found a significant test of sub-
group differences in which IVVC monotherapy (but not
combination therapy) had mortality benefits—a similar

finding in our previous SRMA [8, 12]. Statistically signifi-
cant finding in meta-analysis may be a type-1 error due
to low quality or inadequately powered trials, publication
bias, and/or repeated significant testing [46].The TSAs
and sensitivity analysis in our SRMA indicated that the
risk of type-1 error in finding a significant mortality ben-
efits of IVVC monotherapy in our meta-analysis is very
low.

Our SRMA included the most recent multicenter
LOVIT trial [11] which found a higher incidence of a
composite outcome of persistent organ dysfunction
(need for vasopressor, renal replacement therapy and/or
mechanical ventilation) plus death on trial day 28. The
LOVIT trial did not demonstrate increased mortality at
28 days or 6 months, but when they combined 28-day
mortality with persistent organ failure, they achieved a
significant result on the composite outcome. It is worth
pointing out that the authors acknowledged that the
analysis of the primary outcome was very fragile; statis-
tical significance was lost when analyzed using different
adjustment techniques or when analyzed in unadjusted
fashion. Nevertheless, when we examined the whole cor-
pus of evidence including the LOVIT trial results, we
found mortality benefits of IVVC monotherapy, albeit
with low certainty. Furthermore, in this corpus of evi-
dence, we found no evidence of more or persistent organ
dysfunction, since we observed no differences in SOFA
score at 96 h, dose of vasopressors, incidences of AKI and
RRT, duration of mechanical ventilation, length of ICU
and hospital stays, and longer term mortality. In addi-
tion, the days on vasopressors were significantly shorter.
However, these secondary outcomes were from limited
analyzable studies and these findings may be impacted by
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survivorship bias [47]. Of note, the LOVIT investigators
were unable to explain a putative mechanism of harm
from their a priori defined biomarkers of tissue dysoxia,
inflammation, and endothelial injury, which was meas-
ured up to day 7. Likely, the LOVIT trial did not harm
patients but definitively showed a lack of treatment
benefit.

One may argue that our findings could be influenced
mainly by smaller studies. Indeed, 1 in 3 large RCTs did
not agree with meta-analysis of previous smaller studies
due to small study effects arising from publication bias
or poor study conduct, leading to the exaggeration of
the intervention benefit. However, this may not the case
for our review, since: (1) there was no subgroup differ-
ences between studies with higher vs lower quality score
or low vs other risk-of-bias, (2) TSA showed very low
risk of type-1 error, and (3) sensitivity analysis using the
fixed effect model still showed the mortality benefit of
IVVC monotherapy. That said, neither the analysis of the
LOVIT trial nor our SRMA can explain the inconsistent
findings of IVVC mechanistically, or from the perspec-
tive of trial or study intervention characteristics. One
possible explanation is that LOVIT enrolled patients with
a relatively lower risk of mortality, which is further dis-
cussed below.

Subgroup and sensitivity analyses
We were unable to demonstrate different treatment
effects based on dose, timing, duration of treatment or
method of IVVC infusion. Although some may dispute
that our subgroup analysis of <24 h represents ‘early’
treatment within the pathophysiology of critical illness,
as it was shown from a retrospective analysis that very
early (<6 h of onset of septic shock) administration of
IVVC may confer the greatest benefit [48], we were not
able to perform such subgroup analysis as almost all of
the included trials started IVVC therapy at least 12 h after
ICU admission (Additional file 1: Table S4). We found
that IVVC monotherapy is associated with a significant
reduction in mortality in patients with higher baseline
mortality risk, and TSA supported this finding. In con-
trast, this mortality benefit is not found in patients with
lower baseline mortality risk and TSA suggested more
studies are needed to reach the required information size
for a more definitive conclusion. It is unfortunate that
ongoing randomized trials of IVCC were stopped prema-
turely, presumably on the basis of LOVIT results [49-51].
The direction of the above results (based on baseline
mortality risk) is similar to the subgroup analyses of the
LOVIT trial in which patients with a lower (the lower 2
quartiles) predicted risk of death were found to have a
higher rate of mortality or persistent organ dysfunction
if they received IVVC, whereas patients with a higher
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predicted risk of death were unaffected. Since our SRMA
had greater power, we were able to demonstrate the mor-
tality benefits of IVVC monotherapy in the high-mortal-
ity control group trial. That said, we did not have enough
power to confirm the treatment effect of IVVC mono-
therapy in patients with lower baseline mortality.

It remains a compelling concept that only patients with
documented vitamin C deficiency would benefit from
IVVC supplementation. However, we could not demon-
strate a beneficial effect of IVVC therapy in patients with
reported baseline vitamin C deficiency, probably due
to lack of power, since only a few studies reported the
patients’ baseline vitamin C level.

It must be noted that the studies including in this
SRMA are investigating the administration of Vitamin C
at supraphysiological dose (range: 3000-24,000 mg/day
for a 70 kg adult, except for one study that administered
a relatively lower dose of 450 mg/day [34]; Additional
file 1: Table S4) through the intravenous route. Beyond
acting as an essential nutrient, such high dose will exert
a ‘drug-like’ effect to the body, this is known as pharma-
conutrition. The mortality benefit observed may be due
to the stronger effect of the anti-inflammation, immune-
enhancing and wound healing functions, among others,
exerted by the pharmaconutrition dose of Vitamin C [1,
52]; however, the exact underlying mechanism remained
to be investigated. On the other hand, pharmaconutri-
tion is not without any risk, which have to be considered
carefully. In our analysis, however, we did not find an
increased risk of adverse event, and this is further dis-
cussed below.

Adverse events

The lack of adverse events is consistent with the findings
of a recent scoping review of 74 studies [53]. The scoping
review included all studies that administered high-dose
(6 g/d, 75 mg/kg/d or 3 g/m?/d) IVVC in adult patients.
The specific adverse events attributed to high-dose IVVC
found were oxalate nephropathy, hypernatremia, hemol-
ysis in patients with glucose-6-phosphate dehydrogenase
(G6PD) deficiency, glucometer error, and kidney stones.
However, the authors found no evidence that IVVC is
more harmful than placebo in double-blind RCTs. The
authors recommended avoiding high-dose IVVC in
patients with known or suspected G6PD deficiency. Our
review identified 8/16 (50%) of the trials explicitly stated
that patients with G6PD deficiency were excluded, and it
is unclear if other studies exclude this group of patients.
Due to a lack of data, the scoping review did not endorse
the use of IVVC in critically ill patients, whereas we
found no evidence of increased adverse events in our
review of a large group of critically ill patients from RCTs.
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Strengths and limitations

Our SRMA has several limitations. Although we did not
detect a higher incidences of organ dysfunction associ-
ated with IVVC, we are unable to confirm whether organ
dysfunction persisted for a longer period (i.e., 28 days)
in patients with preexisting organ dysfunction as the
follow-up period for organ failure was short (<7 days)
in most of the included trials. The limited number of low
risk of bias studies and the high heterogeneity (I*=42%
and D?=62%) weaken the inferences we can make from
our overall findings. In addition, TSA and several of
our subgroup and sensitivity analyses were conducted
post-hoc, and we did not adjust for multiplicity of test-
ing (Additional file 1: Table S8). Accordingly, the results
of such analysis should be considered hypothesis-gen-
erating. Furthermore, secondary outcomes are reported
in smaller number of studies and not evaluated by TSA
and GRADE. Therefore, their findings should not be
overinterpreted.

The strength of our SRMA is demonstrated with the
extensive subgroup and sensitivity analysis to explore
the treatment effect of IVVC monotherapy. We also
employed TSA to reduce the risk of type-1 or type-2
error in our findings.

Conclusion

Our SRMA found that IVVC monotherapy may be asso-
ciated with reduced mortality in critically ill patients, a
finding that is supported by TSA. However, the certainty
of the evidence is low due to serious risk of bias and
inconsistency of trial results. The use of IVVC mono-
therapy appears to be safe with no higher incidences of
adverse events observed in these randomized trials. We
found no evidence that IVVC monotherapy is associated
with higher incidences of organ dysfunction in the short-
term; its effect on long-term organ dysfunction remains
to be fully investigated. Sicker patients may benefit the
most from this therapy; however, this finding is consid-
ered hypothesis-generating. We suggest that the quest to
search for the optimal dosage, timing, treatment duration
as well as which critically ill patient population that may
benefit the most from this therapy should be continued
within the boundaries of well-designed RCTs.

Abbreviations

AKI Acute kidney injury

APACHE Il Acute physiology and chronic health evaluation Il
CCN Critical Care Nutrition

cl Confidence interval

G6PD Glucose-6-phosphate dehydrogenase

GRADE Grading of Recommendations Assessment, Development, and
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ICU Intensive care unit

IWC Intravenous vitamin C
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LovIT Lessening organ dysfunction with VITamin C trial
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RCT Randomized controlled trial

RIS Required information size

ROB Risk of bias

RR Relative risk or risk ratio

RRR Relative risk reduction

RRT Renal replacement therapy

SD Standard deviation

SMD Standardized mean difference

SRMA Systematic review and meta-analysis
SOFA Sequential organ failure assessment
TSA Trial sequential analysis
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measured and reported baseline vitamin C deficit. Figure S13 28-day
mortality (single vs multicenter). Figure S14 28-day mortality (sepsis

vs non-sepsis). Figure S15 28-day mortality (higher dose >10000 mg/
day vs lower dose). Figure S16 28-day mortality (median control group
mortality > vs < 37.5%). Figure S17 28-day mortality (median CCN score
>9vs <9). Figure S18 28-day mortality (low vs other risk of bias). Figure
$19 28-day mortality (start of intervention < vs >24h of ICU admission/
septic shock/pressor initiation etc.). Figure $20 28-day mortality (Dura-
tion of treatment > vs <4 days). Figure S21 28-day mortality (bolus vs
continuous infusion). Figure S22 Summary of subgroup analysis for
28-day mortality. Figure S23 Longer term mortality (=60 days). Figure
S24 Duration of mechanical ventilation. Figure S25 ICU length of stay.
Figure S26 Hospital length of stay. Figure S27 Incidence of acute kidney
injury. Figure S28 Incidence of renal replacement therapy. Figure S29
Sequential organ failure assessment (SOFA) score at 96h. Figure S30 Dose
of vasopressors. Figure $31 Days on vasopressors. Figure $32 (a) Adverse
events. (b) Adverse events (with continuity correction by adding 0.01 to
cells with zero events). Figure $33 Funnel plot for overall mortality. Figure
534 TSA for overall mortality—subgroup analysis in trials with below
median control group mortality—relative risk reduction 30%. Figure

$35 TSA for overall mortality—subgroup analysis in trials below median
control group mortality—relative risk reduction 25%. Figure $36 TSA for
overall mortality—subgroup analysis in trials below median control group
mortality (<37.5%)—Relative risk reduction 20%. Figure S37 TSA for over-
all mortality—subgroup analysis in trials above (>37.5%) median control
group mortality—relative risk reduction 30%. Figure S38 TSA for overall
mortality—subgroup analysis in trials above (>37.5%) median control
group mortality—relative risk reduction 25%. Figure $39 TSA for overall
mortality—subgroup analysis in trials above (>37.5%) median control
group mortality—relative risk reduction 20%.

Acknowledgements
We thank Drs Neill Adhikari, Anitra Carr, and Alpha Fowler Ill for providing us
additional information to their studies.


https://doi.org/10.1186/s13613-023-01116-x
https://doi.org/10.1186/s13613-023-01116-x

Lee et al. Annals of Intensive Care (2023) 13:14

Author contributions

ZYL and DKH contributed to the conception and design of this review, ZYL
and LOR performed the literature screening, ZYL and LOR extracted the data
and performed the quality assessment, ZYL, CCHL and DKH interpreted and
synthesized the data, ZYL drafted the manuscript, ZYL, LOR, CCHL, MSH, LK, JR,
CS, and DKH critically revised the manuscript. All authors read and approved
the final manuscript.

Funding
None.

Availability of data and materials

All data generated and/or analyzed during the current study are included
within the published article and its additional files. The standardized data
abstraction form and the critical care nutrition methodology scoring system is
available at www.criticalcarenutrition.com

Declarations

Ethics approval and consent to participate
Not Applicable.

Consent for publication
Not applicable.

Competing interests

CS received support by the Deutsche Forschungsgemeinschaft (DFG) grants
STO 1099/10-11 and STO 1099/8-1. CS and DKH are the investigators for the
Vitamin C in Thermal injury (VICToRY trial; NCT04138394) that received prod-
uct support from McGuff, Pasoe and Worwag Pharmaceuticals.

Author details

'Department of Anaesthesiology, Faculty of Medicine, University of Malaya,
50603 Kuala Lumpur, Malaysia. Clinical Evaluation Research Unit, Department
of Critical Care Medicine, Queen'’s University, Kingston, ON K7L 3N6, Canada.
3Department of Dietetics & Nutrition, Ng Teng Fong General Hospital, 1
Jurong East Street 21, Singapore 609606, Singapore. “Department of Criti-

cal Care Medicine, Jinling Hospital, Medical School of Nanjing University,

No. 305 Zhongshan East Road, Nanjing 210000, Jiangsu, China. *National
Institute of Healthcare Data Science, Nanjing University, Nanjing, China.
®Division of Pulmonary & Critical Care Medicine, Medical College of Wisconsin,
Milwaukee, W1, USA. ’Department of Anesthesiology, Intensive Care, Emer-
gency and Pain Medicine, University Hospital Wirzburg, Wirzburg, Germany.
8Department of Cardiac Anesthesiology and Intensive Care Medicine, Charité
Berlin, Berlin, Germany.

Received: 11 January 2023 Accepted: 26 February 2023
Published online: 07 March 2023

References

1. Oudemans-van Straaten H, Spoelstra-de Man A, de Waard M. Vitamin C
revisited. Crit Care. 2014;18(4):460. https://doi.org/10.1107/5205327331
6095346.

2. Schorah CJ, Downing C, Piripitsi A, et al. Total vitamin C, ascorbic acid, and
dehydroascorbic acid concentrations in plasma of critically ill patients.
Am J Clin Nutr. 1996,63(5):760-5. https://doi.org/10.1093/ajcn/63.5.760.

3. Borrelli E, Roux-Lombard P, Grau GE, et al. Plasma concentrations of
cytokines, their soluble receptors, and antioxidant vitamins can predict
the development of multiple organ failure in patients at risk. Crit Care
Med. 1996;24(3):392-7. https://doi.org/10.1097/00003246-19960
3000-00006.

4. Carr AC, Rosengrave PC, Bayer S, Chambers S, Mehrtens J, Shaw GM.
Hypovitaminosis C and vitamin C deficiency in critically ill patients
despite recommended enteral and parenteral intakes. Crit Care.
2017;21(1):300. https://doi.org/10.1186/513054-017-1891-y.

5. Carr AC.Vitamin C administration in the critically ill: a summary of
recent meta-analyses. Crit Care. 2019;23(1):1-3. https://doi.org/10.1186/
$13054-019-2538-y.

20.

21

22.

23.

24.

25.

26.

Page 16 of 17

Assouline B, Faivre A, Verissimo T, et al. Thiamine, ascorbic acid, and
hydrocortisone as a metabolic resuscitation cocktail in sepsis: a meta-
analysis of randomized controlled trials with trial sequential analysis.

Crit Care Med. 2021;49(12):2112-20. https://doi.org/10.1097/CCM.00000
00000005262.

Sato R, Hasegawa D, Prasitlumkum N, et al. Effect of IV high-dose vitamin
C on mortality in patients with sepsis: a systematic review and meta-anal-
ysis of randomized controlled trials. Crit Care Med. 2021;49(12):2121-30.
https://doi.org/10.1097/CCM.0000000000005263.

Patel JJ, Ortiz-Reyes A, Dhaliwal R, et al. IV Vitamin C in critically ill patients:
a systematic review and meta-analysis. Crit Care Med. 2022;50(3):E304-12.
https://doi.org/10.1097/CCM.0000000000005320.

Fujii T, Salanti G, Belletti A, et al. Effect of adjunctive vitamin C, glucocor-
ticoids, and vitamin B1 on longer-term mortality in adults with sepsis or
septic shock: a systematic review and a component network meta-
analysis. Intensive Care Med. 2022;48(1):16-24. https://doi.org/10.1007/
s00134-021-06558-0.

Stoppe C, Lee ZY, Ortiz L, Heyland DK, Patel JJ. The potential role of intra-
venous vitamin C monotherapy in critical illness. JPEN J Parenter Enteral
Nutr. 2022;46(5):972-6. https://doi.org/10.1002/jpen.2338.

. Lamontagne F, Masse MH, Menard J, et al. Intravenous vitamin C in adults

with sepsis in the intensive care unit. N Engl J Med. 2022,386(25):2387-
98. https://doi.org/10.1056/NEJM0a2200644.

Agarwal A, Basmaji J, Fernando SM, et al. Parenteral vitamin C in patients
with severe infection: a systematic review. NEJM Evid. 2022. https://doi.
0rg/10.1056/EVID0a2200105.

Nabil Habib T, Ahmed I. Early adjuvant intravenous vitamin C treatment
in septic shock may resolve the vasopressor dependence. Int J Microbiol
Adv Immunol. 2017;05(1):77-81.

Kumari P Dembra S, Dembra P, et al. The role of vitamin C as adjuvant
therapy in COVID-19. Cureus. 2020;12(11):10-3. https://doi.org/10.7759/
cureus.11779.

Mishra M. Study of high-dose ascorbic acid on vasopressor’s require-
ment in septic shock patients: a surgical intensive care unit study. Indian J
Crit Care Med. 2020. https://doi.org/10.5005/jp-journals-10071-23353.31.
Thorlund K, Engstrem J, Wetterslev J, Brok J, Imberger G, Gluud C. User
manual for trial sequential analysis (TSA). 2nd ed. Copenhagen: Copenha-
gen Trial Unit; 2017.

Page MJ, McKenzie JE, Bossuyt PM, et al. The PRISMA 2020 state-

ment: an updated guideline for reporting systematic reviews. BMJ.
2021;372(n71):1-9. https://doi.org/10.1136/bmjn71.

Niu JJ, Qin BY, Yang KL, et al. Effect of early exogenous vitamin C
supplementation on prognosis of sepsis patients. China J Mod Med.
2019;29(23):65-9. https://doi.org/10.3969/j.issn.1005-8982.2019.23.013.
Chen C. Effect of high-dose vitamin C in sepsis. (Thesis). Dalian Medical
University; 2019.

Sterne JAC, Savovi¢ J, Page MJ, et al. RoB 2: a revised tool for assessing risk
of bias in randomised trials. BMJ. 2019;366:14898-14898. https://doi.org/
10.1136/bmj.14898.

Dersimonian R, Laird N. Meta-analysis in clinical trials. Control Clin Trials.
1986;7(3):177-88. https://doi.org/10.1016/0197-2456(86)90046-2.

de Grooth HJ, Manubulu-Choo WP, Zandvliet AS, et al. Vitamin C pharma-
cokinetics in critically ill patients: a randomized trial of four IV regimens.
Chest. 2018;153(6):1368-77. https://doi.org/10.1016/j.chest.2018.02.025.
Higgins JP, Eldridge SM, Li T. Including variants on randomized trials. In:
Higgins JPT, Thomas J, Chandler J, Cumpston M, Li T, Page MJ, Welch VA,
editors. Cochrane handbook for systematic reviews of interventions Ver-
sion 6.3, 2022:23.3.4. New York: Wiley Online Library; 2019.
JamaliMoghadamSiahkali S, Zarezade B, Koolaji S, et al. Safety and effec-
tiveness of high-dose vitamin C in patients with COVID-19: a randomized
open-label clinical trial. Eur J Med Res. 2021;26(1):1-9. https://doi.org/10.
1186/540001-021-00490-1.

Kassem AB, Ahmed I, Omran G, Megahed M, Habib T. Role of ascorbic
acid infusion in critically il patients with transfusion-related acute lung
injury. Br J Clin Pharmacol. 2021,88(5):2327-39. https://doi.org/10.1111/
bcp.15167.

Mahmoodpoor A, Shadvar K, Sanaie S, Hadipoor MR, Pourmoghaddam
MA, Saghaleini SH. Effect of vitamin C on mortality of critically ill patients
with severe pneumonia in intensive care unit: a preliminary study. BMC
Infect Dis. 2021;21(1):1-7. https://doi.org/10.1186/512879-021-06288-0.


http://www.criticalcarenutrition.com
https://doi.org/10.1107/s2053273316095346
https://doi.org/10.1107/s2053273316095346
https://doi.org/10.1093/ajcn/63.5.760
https://doi.org/10.1097/00003246-199603000-00006
https://doi.org/10.1097/00003246-199603000-00006
https://doi.org/10.1186/s13054-017-1891-y
https://doi.org/10.1186/s13054-019-2538-y
https://doi.org/10.1186/s13054-019-2538-y
https://doi.org/10.1097/CCM.0000000000005262
https://doi.org/10.1097/CCM.0000000000005262
https://doi.org/10.1097/CCM.0000000000005263
https://doi.org/10.1097/CCM.0000000000005320
https://doi.org/10.1007/s00134-021-06558-0
https://doi.org/10.1007/s00134-021-06558-0
https://doi.org/10.1002/jpen.2338
https://doi.org/10.1056/NEJMoa2200644
https://doi.org/10.1056/EVIDoa2200105
https://doi.org/10.1056/EVIDoa2200105
https://doi.org/10.7759/cureus.11779
https://doi.org/10.7759/cureus.11779
https://doi.org/10.5005/jp-journals-10071-23353.31
https://doi.org/10.1136/bmj.n71
https://doi.org/10.3969/j.issn.1005-8982.2019.23.013
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1136/bmj.l4898
https://doi.org/10.1016/0197-2456(86)90046-2
https://doi.org/10.1016/j.chest.2018.02.025
https://doi.org/10.1186/s40001-021-00490-1
https://doi.org/10.1186/s40001-021-00490-1
https://doi.org/10.1111/bcp.15167
https://doi.org/10.1111/bcp.15167
https://doi.org/10.1186/s12879-021-06288-0

Lee et al. Annals of Intensive Care

27.

28.

29.

30.

31

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

(2023) 13:14

Ap GR, Daga MK, Mawari G, et al. Effect of supplementation of vitamin C
and thiamine on the outcome in sepsis: South East Asian region. J Assoc
Physicians India. 2022;70(3):11-2.

Guyatt GH, Norris SL, Schulman S, et al. Methodology for the devel-
opment of antithrombotic therapy and prevention of thrombosis
guidelines: antithrombotic therapy and prevention of thrombosis, 9th ed:
American College of Chest Physicians evidence-based clinical practice
guidelines. Chest. 2012;141(2 Suppl):53S-70S. https://doi.org/10.1378/
chest.11-2288.

Sterne JAC, Sutton AJ, loannidis JPA, et al. Recommendations for
examining and interpreting funnel plot asymmetry in meta-analyses of
randomised controlled trials. BMJ. 2011;342:1-8. https://doi.org/10.1136/
bmj.d4002.

Fletcher J. What is heterogeneity and is it important? BMJ. 2007;337:94.
https://doi.org/10.1136/bmj.333.7558.83.

Imberger G, Thorlund K, Gluud C, Wetterslev J. False-positive findings in
Cochrane meta-analyses with and without application of trial sequential
analysis: an empirical review. BMJ Open. 2016;6(8):e011890. https://doi.
0rg/10.1136/bmjopen-2016-011890.

Lew CCH, Lee ZY, Gluud C. Trial Sequential analysis in critical care medi-
cine: the way forward. Crit Care Med. 2022;50(12):e809-10. https://doi.
org/10.1097/CCM.0000000000005634.

Guyatt G, Oxman AD, Akl EA, et al. GRADE guidelines: 1. Introduction-
GRADE evidence profiles and summary of findings tables. J Clin Epide-
miol. 2011;64(4):383-94. https://doi.org/10.1016/jjclinepi.2010.04.026.
Ferron-Celma |, Mansilla A, Hassan L, et al. Effect of vitamin C administra-
tion on neutrophil apoptosis in septic patients after abdominal surgery. J
Surg Res. 2009;153(2):224-30. https://doi.org/10.1016/}j55.2008.04.024.
Razmkon A, Sadidi A, Sherafat-Kazemzadeh E, et al. Administration of vita-
min C and vitamin E in severe head injury: a randomized double-blind
controlled trial. Clin Neurosurg. 2011;58:133-7. https://doi.org/10.1227/
NEU.0b013e3182279a8f.

Fowler AA, Syed AA, Knowlson S, et al. Phase [ safety trial of intravenous
ascorbic acid in patients with severe sepsis. J Transl Med. 2014;12(1):1-10.
https://doi.org/10.1186/1479-5876-12-32.

Zabet M, Mohammadi M, Ramezani M, Khalili H. Effect of high-dose
ascorbic acid on vasopressor's requirement in septic shock. J Pharm Pract
Res. 2016,5(2):94. https://doi.org/10.4103/2279-042x.1795609.

Fowler AA, Truwit JD, Hite RD, et al. Effect of vitamin C infusion on organ
failure and biomarkers of inflammation and vascular injury in patients
with sepsis and severe acute respiratory failure: the CITRIS-ALI rand-
omized clinical trial. JAMA. 2019;322(13):1261-70. https://doi.org/10.
1001/jama.2019.11825.

Lv SJ, Zhang GH, Xia JM, Yu H, Zhao F. Early use of high-dose vitamin Cis
beneficial in treatment of sepsis. Ir J Med Sci. 2020;190(3):1183-8. https://
doi.org/10.1007/511845-020-02394-1.

Zhang J, Rao X, Li Y, et al. Pilot trial of high-dose vitamin C in critically ill
COVID-19 patients. Ann Intensive Care. 2021;11(1):3-14. https://doi.org/
10.1186/513613-020-00792-3.

Rosengrave P, Spencer E, Williman J, et al. Intravenous vitamin C adminis-
tration to patients with septic shock: a pilot randomised controlled trial.
Crit Care. 2022;26(1):1-10. https://doi.org/10.1186/513054-022-03900-w.
Wacker DA, Burton SL, Berger JP, et al. Evaluating vitamin C in septic
shock: a randomized controlled trial of vitamin C monotherapy. Crit Care
Med. 2022;50(5):E458-67. https://doi.org/10.1097/CCM.0000000000
005427.

Fujii T, Luethi N, Young PJ, et al. Effect of Vitamin C, hydrocortisone, and
thiamine vs hydrocortisone alone on time alive and free of vasopressor
support among patients with septic shock: the VITAMINS randomized
clinical trial. JAMA. 2020;323(5):423-31. https://doi.org/10.1001/jama.
2019.22176.

Hwang SY, Ryoo SM, Park JE, et al. Combination therapy of vitamin C and
thiamine for septic shock: a multi-centre, double-blinded randomized,
controlled study. Intensive Care Med. 2020;46(11):2015-25. https://doi.
0rg/10.1007/500134-020-06191-3.

Sevransky JE, Rothman RE, Hager DN, et al. Effect of vitamin C, thiamine,
and hydrocortisone on ventilator-and vasopressor-free days in patients
with sepsis- AndVICTAS randomized clinical trial. JAMA. 2021,325(8):742—
50. https://doi.org/10.1001/jama.2020.24505.

46.

47.

48.

49.

50.

51

52.

53.

Page 17 of 17

de Cassai A, Pasin L, Boscolo A, Salvagno M, Navalesi P. Trial sequential
analysis: plain and simple. Korean J Anesthesiol. 2021;74(4):363-5. https://
doi.org/10.4097/kja.20637.

de Grooth H, Elbers P, Vincent J. Vitamin C for sepsis and acute respiratory
failure. JAMA. 2020;323(8):792-792. https://doi.org/10.1001/jama.2019.
21981.

Feichtinger S, de Man A, Dalia AA, Groose MK, Long MT. Sepsis and
resuscitation: the importance of time. Crit Care Med. 2022;50(6):e615-6.
https://doi.org/10.1097/CCM.0000000000005494.

NCT04291508. Acetaminophen and ascorbate in sepsis: targeted therapy
to enhance recovery (ASTER).

NCT04401150. Lessening organ dysfunction with ViTamin C-COVID-19
(LOVIT-COVID).

NCT02735707. Randomized, embedded, multifactorial adaptive platform
trial for community-acquired pneumonia (REMAP-CAP).

Dresen E, Lee ZY, Hill A, Notz Q, Patel JJ, Stoppe C. History of scurvy and
use of vitamin Ciin critical illness: a narrative review. Nutr Clin Pract.
2023,;38(1):46-54. https://doi.org/10.1002/ncp.10914.

Yanase F, Fujii T, Naorungroj T, et al. Harm of IV high-dose vitamin C ther-
apy in adult patients: a scoping review. Crit Care Med. 2020;48(7):E620-8.
https://doi.org/10.1097/CCM.0000000000004396.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1378/chest.11-2288
https://doi.org/10.1378/chest.11-2288
https://doi.org/10.1136/bmj.d4002
https://doi.org/10.1136/bmj.d4002
https://doi.org/10.1136/bmj.333.7558.83
https://doi.org/10.1136/bmjopen-2016-011890
https://doi.org/10.1136/bmjopen-2016-011890
https://doi.org/10.1097/CCM.0000000000005634
https://doi.org/10.1097/CCM.0000000000005634
https://doi.org/10.1016/j.jclinepi.2010.04.026
https://doi.org/10.1016/j.jss.2008.04.024
https://doi.org/10.1227/NEU.0b013e3182279a8f
https://doi.org/10.1227/NEU.0b013e3182279a8f
https://doi.org/10.1186/1479-5876-12-32
https://doi.org/10.4103/2279-042x.179569
https://doi.org/10.1001/jama.2019.11825
https://doi.org/10.1001/jama.2019.11825
https://doi.org/10.1007/s11845-020-02394-1
https://doi.org/10.1007/s11845-020-02394-1
https://doi.org/10.1186/s13613-020-00792-3
https://doi.org/10.1186/s13613-020-00792-3
https://doi.org/10.1186/s13054-022-03900-w
https://doi.org/10.1097/CCM.0000000000005427
https://doi.org/10.1097/CCM.0000000000005427
https://doi.org/10.1001/jama.2019.22176
https://doi.org/10.1001/jama.2019.22176
https://doi.org/10.1007/s00134-020-06191-3
https://doi.org/10.1007/s00134-020-06191-3
https://doi.org/10.1001/jama.2020.24505
https://doi.org/10.4097/kja.20637
https://doi.org/10.4097/kja.20637
https://doi.org/10.1001/jama.2019.21981
https://doi.org/10.1001/jama.2019.21981
https://doi.org/10.1097/CCM.0000000000005494
https://doi.org/10.1002/ncp.10914
https://doi.org/10.1097/CCM.0000000000004396

	Intravenous vitamin C monotherapy in critically ill patients: a systematic review and meta-analysis of randomized controlled trials with trial sequential analysis
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methodology
	Eligibility criteria
	Information source and search strategies
	Study selection process
	Data collection process and data items
	Study quality and risk-of-bias assessment
	Statistical analysis and data handling
	Trial sequential analysis
	Certainty of the evidence


	Results
	Study selection
	Study characteristics
	Study quality assessments
	Study intervention
	Results of the primary outcome
	Trial sequential analysis
	Result of the secondary outcomes
	Adverse events
	Certainty of the evidence


	Discussion
	Summary of main findings
	Interpretation of the results in the context of other evidence
	Subgroup and sensitivity analyses
	Adverse events
	Strengths and limitations

	Conclusion
	Anchor 34
	Acknowledgements
	References


