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Abstract

Background: Parenteral lipid emulsions in critical care are traditionally based on soybean oil (SO) and rich in pro-
inflammatory omega-6 fatty acids (FAs). Parenteral nutrition (PN) strategies with the aim of reducing omega-6 FAs may
potentially decrease the morbidity and mortality in critically ill patients.

Methods: A systematic search of MEDLINE, EMBASE, CINAHL and CENTRAL was conducted to identify all randomized
controlled trials in critically ill patients published from inception to June 2021, which investigated clinical omega-6
sparing effects. Two independent reviewers extracted bias risk, treatment details, patient characteristics and clinical
outcomes. Random effect meta-analysis was performed.

Results: 1054 studies were identified in our electronic search, 136 trials were assessed for eligibility and 26 trials with
1733 critically ill patients were included. The median methodologic score was 9 out of 14 points (95% confidence
interval [Cl] 7, 10). Omega-6 FA sparing PN in comparison with traditional lipid emulsions did not decrease over-

all mortality (20 studies; risk ratio [RR] 0.91; 95% Cl 0.76, 1.10; p =0.34) but hospital length of stay was substantially
reduced (6 studies; weighted mean difference [WMD] — 6.88; 95% Cl — 11.27, — 2.49; p=0.002). Among the differ-
ent lipid emulsions, fish oil (FO) containing PN reduced the length of intensive care (8 studies; WMD — 3.53; 95% Cl
—6.16, — 0.90; p=0.009) and rate of infectious complications (4 studies; RR 0.65; 95% C| 0.44, 0.95;, p=0.03). When FO
was administered as a stand-alone medication outside PN, potential mortality benefits were observed compared to
standard care.

Conclusion: Overall, these findings highlight distinctive omega-6 sparing effects attributed to PN. Among the differ-
ent lipid emulsions, FO in combination with PN or as a stand-alone treatment may have the greatest clinical impact.

Trial registration PROSPERO international prospective database of systematic reviews (CRD42021259238).
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Graphical abstract

Omega-6 Sparing Effects of Parenteral Lipid Emulsions in Critically lll Patients

1733 km

patients on the intensive care unit
requiring parenteral nutrition

Omega-6 fatty acid reducing
parenteral nutrition

Traditional lipid emulsions

RR 0.91;95 % CI 0.76 to 1.10; p = 0.34

WMD -6.88; 95 % Cl -11.27 to -2.49; p = 0.002

Subgroup
analysis

Fish oil containing
parenteral nutrition

Traditional lipid emulsions

WMD -3.53; 95 % CI -6.16 to -0.90; p = 0.009

>

RR 0.65; 95 % Cl 0.44, 0.95; p = 0.03

Omega-6 fatty acid reducing parenteral nutrition strategies have a favorable impact on hospital length of
stay in critically ill patients. Among the different approaches, fish oil may have the greatest clinical impact.
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Background

Critical illness is often characterized by an imbalanced
immune response, which can lead to excessive cytokine
release and accumulation of reactive oxygen species. Sys-
temic inflammation and oxidative stress ultimately result
in tissue damage, multi organ failure and high mortal-
ity rates [1-4]. Parenteral lipid emulsions provide fatty
acids (FAs) as a source of calories and cellular building
blocks [5] and have been under investigation because
of their immunomodulating features [6]. Traditionally,
parenteral lipid emulsions are derived from plant—and
especially soybean oil (SO) to provide the patient with
essential long-chain triglycerides (LCTs). However, SO’s
ratio of omega-6 polyunsaturated FAs to omega-3 poly-
unsaturated FAs (7:1) is being regarded critically [6].
In vivo, linoleic acid (omega-6) is converted to arachi-
donic acid and pro-inflammatory eicosanoids, such as
prostaglandins, thromboxanes and leukotrienes. On the
other hand, a-linolenic acid (omega-3) is the metabolic
precursor of docosahexaenoic acid (DHA) and eicosap-
entaenoic acid (EPA), which both have anti-inflammatory
and anti-oxidative properties like inhibitory effects on
various innate and adaptive immune cells and the tran-
scription of inflammatory cytokines [7-9]. Unfortunately,
the pathway of a-linolenic acid conversion to DHA and
EPA appears to be highly ineffective in most humans [10]
and an abundance of omega-6 FAs will furthermore sup-
press the balancing effects of omega-3 FA conversion, as
both FAs (omega-3 and omega-6) compete for the same

enzymes [11]. Therefore, omega-6 FA reducing strate-
gies have been introduced to clinical nutrition. A reduc-
tion in omega-6 FAs can be achieved with the addition of
medium-chain triglycerides (MCT), olive oil (OO) or fish
oil (FO) to SO-based lipid emulsions. FO supplements, as
a major source of DHA and EPA, can simultaneously pro-
vide adequate levels of omega-3 FAs, which is regarded
as an attractive immunomodulatory treatment option
with potential clinical benefits [12]. Hitherto, meta-anal-
yses solely focused on the FO aspect, resulting in limited
evidence regarding the overall picture of omega-6 FA
reduction. After aggregating 10 randomized controlled
trials (RCTs) in 2015, Manzanares et al. found that lipid
emulsions with a FO component may reduce infectious
complications, duration of mechanical ventilation (MV)
and hospital length of stay (LOS) in critically ill patients
[13]. In the most recent meta-analysis by Pradelli et al.,
FO containing parenteral nutrition (PN) again reduced
the rate of infections and hospital as well as ICU LOS
[14]. Current nutrition guidelines state that DHA and
EPA (FO dose of 0.1-0.2 g/kg/d) can be provided in
patients receiving PN. Ambiguous results regarding other
omega-6 sparing strategies are delineated, however with-
out a clear recommendation [15, 16]. In recent years, sev-
eral new RCTs on omega-6 sparing effects in general and
on FO-containing lipid emulsions in particular have been
published. This systematic review and meta-analysis aims
to give a broad and comprehensive update on the emerg-
ing topic.
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Methods

Information sources

We searched MEDLINE, EMBASE, Cumulative Index
to Nursing and Allied Health Literature (CINAHL),
the Cochrane Central Register of Controlled Trials and
the Cochrane Database of Systematic Reviews (CEN-
TRAL) for all relevant RCTs published between January
1980 and June 2021 with the following keywords: “fat
emulsion’, “lipid emulsion’, “lipid injectable emulsion’,
“lipids”, “triglycerides’, “medium chain triglycerides’,
“long chain triglycerides’, “polyunsaturated fatty acids’,
“omega-3 fatty acids’, “omega-6 fatty acids”, “fish oil’
“olive oil’, “soybean oil’, “linoleic acid’, “linolenic acid’,
“eicosapentaenoic acid’, “EPA’, “docosahexaenoic acid”
and “DHA” Our data acquisition was not limited to
articles written in English.

In case of missing data, we contacted the authors
and requested additional information. The literature
research, selection and methodologic assessment of tri-
als was performed independently by two researchers.
Consensus was required to include the respective study
in the meta-analysis.

Eligibility criteria
Inclusion criteria were defined as follows:

1. Study design: RCT with a parallel group.

2. Study population: adults,>18 years of age. Criti-
cal illness was defined as admission to the intensive
care unit (ICU), or in unclear cases, a mortality rate
of >5% in the control group. Studies that mainly or
exclusively enrolled patients admitted for elective
and cancer surgery were excluded, even if they were
admitted to the ICU for postoperative surveillance.

3. Intervention and control: Studies were classified

in two categories and analysed independently. The
first group only comprised PN trials. Omega-6 FA
reduced formulations were compared with standard
care lipid emulsions containing higher amounts of
omega-6 FAs.
In the second group, patients received standard par-
enteral and / or enteral nutrition. Here, intravenous
FO was administered as a stand-alone intervention.
For control, patients either received no additional
treatment or normal saline solution.

4. Outcomes: The primary outcome of our meta-anal-
ysis was overall mortality. When multiple mortal-
ity endpoints were reported in a trial, we included
the data in the following order of preference: 28-day
mortality > hospital mortality>ICU mortality > other
mortality.
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Secondary outcomes included 28-day mortality, ICU
LOS, hospital LOS, days on MV and infectious compli-
cations. Trials without at least one of these clinical end-
points were excluded.

Subgroup analysis

Among PN trials investigating omega-6 FA reduction,
we predefined three subgroups according to the inter-
ventional strategy: SO/MCT, SO/OO and FO containing
PN. To further reduce the heterogeneity of different FO
formulations, we additionally aggregated all FO stud-
ies, which specifically tested Omegaven® (Fresenius
Kabi, Bad Homburg, Germany), a 10% FO lipid emulsion
with broad clinical use, and compared them to other FO
solutions.

Assessment of bias and methodologic quality

This systematic review adhered to the 2020 Preferred
Reporting Items for Systematic Reviews and Meta-Anal-
yses (PRISMA) statement [17]. As with our established
practice in previous meta-analyses, studies were assigned
to two categories based on the following criteria for
methodologic quality: (1) concealed randomization, (2)
blinded outcome adjudication and (3) intention-to-treat
analysis. If all three characteristics applied, the study was
considered “level I’ if one was unfulfilled we labeled the
study as “level I In addition, the quality of each study
was scored by two independent reviewers as described
before [13, 18]. Nine items were considered: concealed
randomization, intention-to-treat analysis, double blind-
ing, consecutive patient selection, comparability at
baseline, extent of follow-up, description of treatment
protocols, description and equality of co-interventions
and objective definition of outcomes. The maximum
score was 14, the minimum score was 0 points (Addi-
tional file 1). The protocol of our meta-analysis was regis-
tered a priori at the PROSPERO international prospective
database of systematic reviews (CRD42021259238).

Data synthesis
All analyses were performed with a random effects model
using RevMan 5.4 (Cochrane IMS, Oxford, UK). To esti-
mate the pooled risk ratio (RR) for dichotomous data
and the weighted mean difference (WMD) for continu-
ous variables, data were aggregated from all studies and
presented with a 95% confidence interval (CI). For con-
tinuous variables, we contacted the authors to provide
the mean and standard deviation (SD), in case the origi-
nal publication presented the median and interquartile
range. If we were unable to obtain the mean and SD, the
dataset was excluded from our analyses.

The x> test and the I* statistics were used to assess
heterogeneity. To address the risk of publication bias, a
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Identification of new studies via databases and registers

Records removed before screening:
Duplicate records (n = 296)
Records marked as ineligible by automation
tools (n =0)

Records removed for other reasons (n = 0)

Records identified from:
Databases (n = 925)

Records screened
(n =629)

|

Reports sought for retrieval
(n=122)

)

| Reports assessed for eligibility

Records excluded
(n =507)

Reports not retrieved
(n=0)

Reports excluded:

No clinical outcomes (n = 29)
Elective surgery patients (n = 24)
Systematic review (n = 14)
No relevanttreatment paradigm (n = 13)
Not critically ill patients (n = 11)
NotRCT (n = 6)

Too few ICU patients (n = 2)
No true control group (n= 1)
Duplicate of Wang 2019 (n= 1)
Subanalysis of Hall 2014 (n = 1)
Unable to retrieve full-text (n= 1)

(n=122)

I N

A
New studies included in review
(n=26)

Identification of new studies via other methods

Records identified from:
Websites (n = 0)
Personal files (n = 62)
Citation searching (n =67)

Reports sought for retrieval Reports notretrieved

(n=14) (n=0)
Reports excluded:
ATy No clinical outcomes (n = 2)
lenors ass(:si‘i)br CLelElliy —p No relevanttreatment paradigm (n = 2)

Elective surgery patients (n= 1)
Not critically ill patients (n = 1)
NotRCT (n= 1)

A

Reports of new included studies
(n=0)

Fig. 1 PRISMA flowchart delineating the process of trial inclusion

funnel plot was generated for the primary outcome and
tested for asymmetry with the Egger regression test. As
the overall purpose of this systematic review and meta-
analysis was hypothesis generating, we considered a p
value <0.05 as statistically significant and a p value <0.20
as a trend [19].

Results

Included trials

From the 1054 studies that were identified through our
systematic searching, a total of 136 potential studies
were sought for retrieval (Fig. 1). 40 trials covered non-
ICU, elective surgery and cancer patients and 31 trials
did not report on our clinical outcomes. 23 studies were
not RCTs, including systematic reviews, meta- or sub-
analyses. In 15 studies, the treatment paradigm did not fit
the research question of our meta-analysis, mostly due to
sole enteral nutrition. In one case a full text of the article
could not be retrieved (Additional file 2). In the end, 26
trials with a total number of 1733 patients were included
[20-45]. Five studies were labeled as “level I” and 21
studies as “level II”. The median methodologic score was
9 (95% CI 7, 10) for all included studies, 10 (95% CI 9,
14) for “Level I” trials and 9 (95% CI 6, 9) for “Level II”
trials (Additional file 3). Eggers’ test did not indicate the
presence of a funnel plot asymmetry for our primary out-
come (p=0.77).

Omega-6 fatty acid reducing strategies

There was no effect of omega-6 FA sparing PN in com-
parison to LCT or LCT/MCT on overall mortality (20
studies, n=1366; RR 0.91; 95% CI 0.76, 1.10; p=0.34;
P=0%; Fig. 2). However, we observed a trend towards
lower 28-day mortality (8 studies, n=733; RR 0.79; 95%
CI 0.61, 1.02; p=0.07; P=0%; Additional file 4) and
shorter ICU LOS (12 studies, n=825; WMD — 1.94; 95%
CI —4.41, 0.52; p=0.12; I’ =83%; Fig. 3).

Compared to LCT or LCT/MCT, omega-6 FA spar-
ing strategies significantly reduced the hospital LOS (6
studies, n=390; WMD —6.88; 95% CI —11.27, —2.49;
p=0.002; P=20%; Fig. 4) and tended toward a shorter
length of MV (9 studies, n=>511; WMD —0.87; 95% CI
—1.82, 0.07; p=0.07; P=52%; Additional file 5). No
benefits on the development of infectious complications
were observed (7 studies, n=721; RR 0.94; 95% CI 0.7,
1.26; p=0.68; I? =32%; Fig. 5).

Subgroup analysis of omega-6 fatty acid reducing
strategies

Omega-6 FA reducing strategies were further analysed
in three subgroups, SO/MCT, SO/OO and FO contain-
ing PN. None of the strategies affected overall mortality
in comparison with LCT or LCT/MCT (test for sub-
group differences, p =0.99; Fig. 2). For FO containing
PN, aggregated data suggested a trend toward reduced
28-day mortality (7 studies, n=529; RR 0.74; 95% CI
0.54, 1.01; p=0.06; *=0%; Additional file 4). While
SO/MCT and SO/OO did not affect the ICU LOS, FO
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Omega-6 Reducing LCT or LCT+MCT Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
2.1.1 SO/MCT vs. SO
Nijveldt 1998 2 12 1 8 0.7% 1.33[0.14, 12.37] 1998
Lindgren 2001 4 9 5 11 3.6% 0.98[0.37, 2.59] 2001  E—
Garnacho-Montero 2002 11 35 13 37 8.0% 0.89[0.46, 1.72] 2002 )
lovinelli 2007 2 7 3 7 1.6% 0.67 [0.16, 2.84] 2007 Y I
Subtotal (95% CI) 63 63 13.9% 0.90 [0.55, 1.48] -0
Total events 19 22
Heterogeneity: Tau? = 0.00; Chi? = 0.31, df = 3 (P = 0.96); I> = 0%
Test for overall effect: Z = 0.41 (P = 0.68)
2.1.2 SO/00 vs. SO/MCT or SO
Garcia-de-Lorenzo 2005 4 11 3 11 2.2% 1.33[0.39, 4.62] 2005 —_—
Pontes-Arruda 2012 24 103 26 101 14.8% 0.91[0.56, 1.47] 2012 T
Umpierrez 2012 5 51 8 49 3.1% 0.60 [0.21, 1.71] 2012 D
Subtotal (95% CI) 165 161 20.2% 0.89 [0.59, 1.34] e
Total events 33 37
Heterogeneity: Tau? = 0.00; Chi? = 0.96, df = 2 (P = 0.62); I> = 0%
Test for overall effect: Z = 0.57 (P = 0.57)
2.1.3 FO containing PN vs. SO or SO/MCT or SO/00
Grecu 2003 2 28 3 26 1.2% 0.62[0.11, 3.41] 2003
Friesecke 2008 18 83 22 82 11.7% 0.81[0.47, 1.39] 2008 I
Guo 2008 6 38 8 42 3.7% 0.83[0.32, 2.17] 2008 E E—
Wang 2009 0 28 2 28 0.4% 0.20 [0.01, 3.99] 2009
Qu 2009 4 20 2 20 1.4% 2.00[0.41, 9.71] 2009 I B —
Barbosa 2010 4 13 4 10 2.8% 0.77[0.25, 2.34] 2010 I E—
Sabater 2011 4 8 2 8 1.8% 2.00[0.50, 8.00] 2011 B —
Gultekin 2014 7 16 8 16 6.3% 0.88[0.42, 1.84] 2014 I
Grau-Carmona 2015 32 81 22 78 17.4% 1.40[0.90, 2.19] 2015 T
Chen 2017a 10 41 15 37 7.8% 0.60[0.31, 1.17] 2017 1
Chen 2017b 3 24 10 24 2.6% 0.30[0.09, 0.96] 2017
Donoghue 2019 6 35 5 33 2.9% 1.13[0.38, 3.36] 2019 e —
Singer 2021 10 48 11 47 6.0% 0.89[0.42, 1.90] 2021 —_—
Subtotal (95% Cl) 463 451 65.9% 0.92 [0.72, 1.16] R 3
Total events 106 114
Heterogeneity: Tau? = 0.01; Chi? = 12.49, df = 12 (P = 0.41); I* = 4%
Test for overall effect: Z = 0.73 (P = 0.47)
Total (95% CI) 691 675 100.0% 0.91 [0.76, 1.10]
Total events 158 173 7
Heterogeneity: Tau? = 0.00; Chi? = 13.79, df = 19 (P = 0.80); I = 0% 50 o1 051 T 1f0 1004
Test for overall effegt: Z=0.96 (P; 0.34) ) Favours omega-6 reducing Favours LCT or LCT+MCT
Test for subgroup differences: Chi* = 0.02, df = 2 (P = 0.99), I° = 0%
Fig. 2 Overall mortality in trials using an omega-6 fatty acid reducing strategy
Omega-6 Reducing LCT or LCT+MCT Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight v, ' 95% Cl Year 1V, Rand 95% CI
3.1.1 SO/MCT vs SO
Lindgren 2001 26 6 9 20 5 11 8.7% 6.00 [1.09, 10.91] 2001
Garnacho-Montero 2002 16.6 6.1 35 15.8 7 37 11.1% 0.80 [-2.23, 3.83] 2002 -
Subtotal (95% CI) 44 48  19.9% 3.03 [-2.02, 8.07] i
Heterogeneity: Tau? = 9.19; Chi? = 3.12, df = 1 (P = 0.08); I> = 68%
Test for overall effect: Z = 1.18 (P = 0.24)
3.1.2 SO/00 vs SO/MCT or SO
Garcia-de-Lorenzo 2005 329 10.6 11 41.8 186 11 3.0% -8.90 [-21.55, 3.75] 2005
Umpierrez 2012 17 18 51 15.2 14 49 7.1% 1.80 [-4.51, 8.11] 2012 1
Subtotal (95% CI) 62 60 10.1% -2.09[-12.17, 8.00] e —
Heterogeneity: Tau? = 31.24; Chi? = 2.20, df = 1 (P = 0.14); I = 55%
Test for overall effect: Z = 0.41 (P = 0.69)
3.1.3 FO containing PN vs SO or SO/MCT or SO/00
Grecu 2003 3.32 1.48 8 9.28 3.08 7 11.8% -5.96 [-8.46, -3.46] 2003 I
Friesecke 2008 28 25 83 23 20 82 6.5% 5.00 [-1.90, 11.90] 2008 I e —
Guo 2008 21.1 2.9 38 28.4 4.2 42 12.7% -7.30 [-8.87,-5.73] 2008 -
Barbosa 2010 12 14.4 13 13 126 10 3.6% -1.00[-12.06, 10.06] 2010
Wang 2014 7.75 1.9 25 10.03 2.15 28  13.0% -2.28[-3.37,-1.19] 2014 -
Grau-Carmona 2015 18.9 15.5 81 21.8 209 78 7.8% -2.90 [-8.64, 2.84] 2015 I
Chen 2017b 13.8 9.9 24 244 232 24 4.1% -10.60 [-20.69, -0.51] 2017 e —
Donoghue 2019 9.5 7.09 35 10.7 7.6 33 10.5% -1.20 [-4.70, 2.30] 2019 T
Subtotal (95% CI) 307 304 70.0% -3.53[-6.16, -0.90] -
Heterogeneity: Tau? = 8.76; Chi? = 39.85, df = 7 (P < 0.00001); I* = 82%
Test for overall effect: Z = 2.63 (P = 0.009)
Total (95% CI) 413 412 100.0% -1.94 [-4.41, 0.52] o
ity 2 _ . 2 — 12 = Il 1 } 1
Heterogeneity: Tau® = 11.80; Chi* = 65.88, df = 11 (P < 0.00001); I* = 83% 5o 1o 1) ) 20

Test for overall effect: Z = 1.55 (P = 0.12)

Test for subgroup differences: Chi? = 5.11, df = 2 (P = 0.08), I> = 60.8%

Fig. 3 Intensive care unit length of stay in trials using an omega-6 fatty acid reducing strategy

Favours Omega-6 Reducing Favours LCT or LCT+MCT
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Omega-6 Reducing LCT or LCT+MCT Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year 1V, d 95% CI
4.1.1 SO/00 vs SO/MCT or SO
Garcia-de-Lorenzo 2005 57 15.3 11 649 27.2 11 5.2% -7.90 [-26.34, 10.54] 2005 e
Umpierrez 2012 40.8 36 51 46.7 48 49 6.3% -5.90 [-22.58, 10.78] 2012 . E—
Subtotal (95% CI) 62 60 11.5% -6.80[-19.17,5.57] ~—
Heterogeneity: Tau? = 0.00; Chi? = 0.02, df = 1 (P = 0.87); I = 0%
Test for overall effect: Z = 1.08 (P = 0.28)
4.1.2 FO containing PN vs SO or SO/MCT or SO/00
Grecu 2003 11.68 2.04 28 20.46 3.27 26 62.7% -8.78[-10.25,-7.31] 2003 |
Barbosa 2010 22 25.2 13 55 50.6 10 1.6% -33.00[-67.22, 1.22] 2010
Gultekin 2014 31.6 17.2 16 306 17.2 16 11.3% 1.00[-10.92, 12.92] 2014 .
Grau-Carmona 2015 41.1 41 81 425 285 78 13.0% -1.40[-12.34,9.54] 2015 T
Subtotal (95% CI) 138 130 88.5% -5.93[-13.13, 1.27] o
Heterogeneity: Tau? = 25.97; Chi® = 6.16, df = 3 (P = 0.10); I> = 51%
Test for overall effect: Z = 1.61 (P = 0.11)
Total (95% CI) 200 190 100.0% -6.88 [-11.27, -2.49] L 2
Heterogeneity: Tau? = 7.44; Chi® = 6.26, df = 5 (P = 0.28); I> = 20% _550 _255 245 5=O
Test for overall effeg: Z=3.07 (P,= 0.002) Favours Omega-6 Reducing Favours LCT or LCT+MCT
Test for subgroup differences: Chi? = 0.01, df = 1 (P = 0.90), I> = 0%
Fig. 4 Hospital length of stay in trials using an omega-6 fatty acid reducing strategy

Omega-6 Reducing LCT or LCT+MCT Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% Cl Year M-H, Random, 95% CI
5.1.1 SO/00 vs SO/MCT or SO
Garcia-de-Lorenzo 2005 6 11 6 11 11.5% 1.00[0.47, 2.14] 2005 s S—
Umpierrez 2012 29 51 21 49  25.6% 1.33[0.89, 1.98] 2012 T
Pontes-Arruda 2012 28 103 23 101 21.4% 1.19 [0.74, 1.93] 2012 T
Subtotal (95% CI) 165 161 58.5% 1.23 [0.92, 1.63] L 4
Total events 63 50
Heterogeneity: Tau? = 0.00; Chi? = 0.43, df = 2 (P = 0.80); I> = 0%
Test for overall effect: Z = 1.41 (P = 0.16)
5.1.2 FO containing PN vs. SO or SO/MCT or SO/00
Grecu 2003 0 8 1 7 0.9% 0.30[0.01, 6.29] 2003
Friesecke 2008 11 83 12 82 11.6% 0.91[0.42, 1.93] 2008 I —
Wang 2009 6 28 9 28 9.1% 0.67[0.27, 1.62] 2009 — 1
Grau-Carmona 2015 17 81 29 78 19.8% 0.56 [0.34, 0.94] 2015 —
Subtotal (95% CI) 200 195  41.5% 0.65 [0.44, 0.95] -
Total events 34 51
Heterogeneity: Tau? = 0.00; Chi? = 1.28, df = 3 (P = 0.73); I> = 0%
Test for overall effect: Z = 2.23 (P = 0.03)
Total (95% CI) 365 356 100.0% 0.94 [0.70, 1.26]
Total events 97 101 T
Heterogeneity: Tau? = 0.05; Chi?> = 8.78, df = 6 (P = 0.19); 12 = 32% [ + ) t J
Test fo? oveerI effect: Z = 0.41 (P = 0.68) ( ' 001 0.1 : 10 100
y i Favours Omega-6 Reducing Favours LCT or LCT+MCT
Test for subgroup differences: Chi? = 6.93, df = 1 (P = 0.008), I> = 85.6%
Fig. 5 Infectious complications in trials using an omega-6 fatty acid reducing strategy

containing PN significantly reduced the duration of
intensive care (8 studies, n=611; WMD —3.53; 95%
CI —6.16, — 0.90; p =0.009; I* =82%; test for subgroup
differences, p =0.08; Fig. 3). We also observed a trend
towards shorter hospital LOS for FO containing PN (4
studies, n=268; WMD —5.93; 95% CI —13.13, 1.27;
p=0.11; >=51%; Fig. 4). In terms of MV, a reduction
was reported for SO/MCT compared to SO (2 studies,
n=234; WMD —3.30; 95% CI —5.39, —1.21; p=0.002;
I?=0%). Data on MV were furthermore reported in one
trial with a SO/OO strategy and in six studies investi-
gating FO containing PN, however, without clear ben-
efits (test for subgroup differences, p =0.03; Additional
file 5). While SO/OO strategies were potentially associ-
ated with a trend toward more infectious complications
(3 studies, n=326; RR 1.23; 95% CI 0.92, 1.63; p=0.16;
PP=0%), FO containing PN significantly decreased
nosocomial infections (4 studies, #=395; RR 0.65; 95%

CI 0.44, 0.95; p=0.03; 2 =0%; test for subgroup differ-
ences, p =0.008; Fig. 5).

Among FO-containing PN, we further identified two
strategies based on the usage of Omegaven and non-
Omegaven lipid emulsions. We observed an overall mor-
tality benefit for Omegaven (6 studies, n=433; RR 0.68;
95% CI 0.48, 0.95; p=0.03; I2=0%), which was not pre-
sent in trials using other FO emulsions (test for subgroup
differences, p=0.02; Additional file 6). There were no
clear signals regarding other clinical outcomes neither for
Omegaven nor other FO lipid emulsions.

Fish oil as a stand-alone intervention

Five studies in patients on standard care nutrition com-
pared a stand-alone FO intervention versus no additional
supply of lipids. FO tended toward an improvement in
overall mortality (4 studies, n=287; RR 0.76; 95% CI
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0.53, 1.10; p=0.14; >=0%) and significantly reduced
28-day mortality (3 studies, »=237; RR 0.60; 95% CI
0.36, 0.99; p=0.04; I>=0%; Fig. 6). Stand-alone FO was
not associated with a shorter duration of intensive care
(4 studies, n=264; WMD —1.38; 95% CI —4.11, 1.34;
p=0.32; *=52%) or hospital stay (3 studies, n=148;
WMD 0.78; 95% CI — 2.89, 4.46; p=0.68; I*=0%). There
was no aggregated data on MV and infectious complica-
tions available.

Discussion

Overall, our systematic review and meta-analysis covered
26 trials in critically ill patients, of which 16 studies with
1046 patients were newly included in comparison with
the previous meta-analysis by Manzanares et al. [13]. We
hereby provide an update and additional insights not only
on FO but also on general omega-6 FA reducing strate-
gies in intensive care. Omega-6 sparing effects included
a significant decrease in hospital LOS and trends towards
reduction in 28-day mortality, ICU LOS and mechani-
cal ventilation. Among different omega-6 FA reducing
PN regimens, FO containing lipid emulsions reduced
the length of intensive care and rate of nosocomial infec-
tions. Potential signals on mortality rates were observed
with stand-alone use of FO, which encourages further
research in this area.

In the past decades, clinical and technological advances
promoting physiologic and metabolic resuscitation as
well as early diagnosis and optimal treatment have signif-
icantly decreased hospital mortality in critical illness. In
this context, nutritionally derived compounds exhibiting

pharmacological effects contribute to an improved clini-
cal outcome [46]. However, due to low quality of evi-
dence, the potential benefits of anti-inflammatory and
immunomodulating effects in critically ill patients
remain unproven [47]. While a balance between pro-
and anti-inflammatory response mechanisms is crucial
for an adequate immune response, critically ill patients
often exhibit immune dysregulation [48—50]. Imbalance
arises from either excessive production of pro-inflamma-
tory cytokines and reactive oxygen species or a lack of
their physiological anti-inflammatory and anti-oxidative
counterparts. A similar concept applies for omega-6 and
omega-3 FAs or rather their metabolites. By reducing
prostaglandins, leukotrienes and thromboxanes via MCT,
OO or FO on the one hand and increasing DHA and EPA
levels by FO on the other, pharmaconutrition might play
a role in regaining inflammatory balance in critically ill
patients. This basic concept is tempting, even though
clinical evidence is scarce and ambiguous. There are—if
at all—only minor effects of sole omega-6 FA reduc-
tion on inflammatory parameters and markers of oxida-
tive stress [42, 51, 52], which is in line with our results,
where the impact of SO/MCT and SO/OO on the clinical
course was rather small. However, an RCT, in which OO
was significantly associated with reduced ICU LOS and
MV, had to be excluded, due to an unusual lipid- versus
glucose-based treatment regimen [53]. In the case of FO,
omega-6 sparing effects are complemented by a simulta-
neous increase in omega-3 FAs, which may be even more
beneficial for inflammatory control.
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In fact, FO has been studied for decades, after realiz-
ing that Inuits in Greenland with a fish-based diet had
low rates of cardiovascular events [54]. This led to gen-
eral recommendations for FO supplements in patients
with coronary heart disease [55] and multiple prom-
ising investigations in autoimmune and inflamma-
tory disorders [56—58]. Intravenous FO administration
immediately affects physiological parameters, which was
demonstrated by a significant increase in DHA and EPA
concentrations in blood cell phospholipids within 60 min
after infusion [59]. The rapid incorporation into various
cellular membranes is crucial for an acute modulation
of the immune response and suppression of pro-inflam-
matory cytokine release [60—62]. In addition, it has been
recently discovered that DHA- and EPA-derived metabo-
lites like resolvins, protectins, and maresins are required
for the resolution of inflammation in the post-acute
phase [7], as they regulate neutrophil recruitment and
initiate macrophages to clear apoptotic cells and micro-
organisms [63].

Despite significant bias risk and rather small patient
populations in the underlying studies [64—67], ESPEN
guidelines state that parenteral FO can be provided
for critically ill patients, as it likely decreases LOS and
infections [16]. These conclusions align nicely with our
results, including potential benefits on 28-day mortality
and duration of MV. Hence, omega-6 FA reduction seems
to hasten the recovery of patients requiring PN, which
might justify the higher cost of these lipid emulsions
in an economic evaluation. Pradelli et al. have recently
conducted a systematic review and cost-effectiveness
analysis on the use of omega-3 containing parenteral
nutrition in ICU patients, which clearly demonstrated
considerable cost savings due to a significant reduction
in the risk of infections, and length of hospital or ICU
stay. One main difference to our meta-analysis is that
the authors included surgical patients without critical
illness, for example postoperative surveillance after elec-
tive and cancer surgery [14]. Patterns of inflammation
and the extent of organ injury might be very different in
surgical patients with a defined tissue trauma, compared
to systemic inflammation due to infection and sepsis.
Our approach potentially provides a more homogenous
collective of critically ill patients with a strong focus on
sepsis and acute respiratory distress syndrome as well
as additional insights into further omega-6 FA reducing
strategies beyond FO. In comparison with Manzanares
et al., we also excluded enteral nutrition protocols to fur-
ther reduce heterogeneity [13]. Despite the distinctive
differences between the meta-analyses, it is reassuring,
that the results compare well.

We observe a trend towards improved 28-day survival,
both for overall omega-6 FA reducing strategies as well
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as for FO containing PN alone. However, this potential
signal could not be confirmed in terms of overall mor-
tality. It has to be said, that multiple other factors and
treatments beyond PN influence survival in critically ill
patients, so that it is often difficult to interpret observed
mortality benefits of a single intervention in modern
ICU settings [68, 69]. In this light, the significant mortal-
ity benefits suggested for Omegaven and FO as a stand-
alone medication have to be considered carefully.

We acknowledge several limitations of our meta-anal-
ysis. First, only five trials fulfilled the criteria of a “level
I” study, which are concealed randomization, blinded
outcome adjudication and intention-to-treat analysis.
The median methodological score of all included stud-
ies was 9 out of 14 points, highlighting a considerable
bias risk and mirroring the mediocre quality of most tri-
als in the field of immunonutrition. This is a well-known
problem in ICU research, as authors are faced with chal-
lenges of resources, recruitment and early randomiza-
tion [70]. Second, the number of included studies and
overall sample sizes for certain endpoints are too small
to draw strong conclusions. Patient populations are still
rather heterogeneous, despite our efforts to reduce vari-
ety. Third, overall mortality is an unsharp endpoint.
Aggregating as many trials as possible comes at the price
of including the whole variety of reported mortalities.
Four studies for example only reported “other mortal-
ity” with a range from 15 to 109 days. Last, all included
studies predominantly focused on “hard outcomes” and
neglected the patient centered perspective. This requires
more attention in future research.

On the other hand, this systematic review also has
distinctive strengths. In contrast to previous meta-
analyses, which merely focused on FO, we integrated
additional omega-6 FA reducing PN strategies like SO/
MCT and SO/OO [13, 14]. We only included RCTs with
a relative specific patient population of critically ill ICU
patients to reduce heterogeneity. We were not limited
to any language barriers so that all internationally avail-
able evidence could be considered. Published abstracts,
which did not undergo peer-review, were considered for
inclusion after careful assessment. This approach might
potentially reduce publication bias, we do, however,
acknowledge the ongoing controversy on this topic [71-
73]. We report the largest and the most current aggre-
gation of PN lipid trials conducted in the critical care
setting. To guarantee the reproducibility of this system-
atic review and meta-analysis, study eligibility decisions
are provided in detail and data were abstracted using two
independent experienced reviewers and referees.
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Conclusion

Taken together, the present meta-analysis in critically
ill patients suggests omega-6 sparing effects attributed
to parenteral immunonutrition. Among different lipid
emulsions, clinical benefits were most pronounced for
FO, either in combination with PN or as a stand-alone
treatment.
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