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Abstract

Background: Intrapulmonary shunt is a major determinant of oxygenation in thoracic surgery under one-lung ventila-
tion. We reviewed the effects of available treatments on shunt, Paoy/FiO; and haemodynamics through systematic re-
view and network meta-analysis.

Methods: Online databases were searched for RCTs comparing pharmacological interventions and intrapulmonary shunt
in thoracic surgery under one-lung ventilation up to March 30, 2022. Random-effects (component) network meta-analysis
compared 24 treatments and 19 treatment components. The Confidence in Network Meta-Analysis (CINeMA) framework
assessed evidence certainty. The primary outcome was intrapulmonary shunt fraction during one-lung ventilation.
Results: A total of 55 RCTs were eligible for systematic review (2788 participants). The addition of N,O (mean difference
[MD]=—15%; 95% confidence interval [CI], —25 to —5; P=0.003) or almitrine (MD=—13%; 95% CI, —20 to —6; P<0.001) to
propofol anaesthesia were efficient at decreasing shunt. Combined epidural anaesthesia (MD=3%; 95% CI, 1-5; P=0.005),
sevoflurane (MD=5%; 95% CI, 2—8; P<0.001), isoflurane (MD=6%; 95% CI, 4—9; P<0.001), and desflurane (MD=9%; 95% ClI,
4—14; P=0.001) increased shunt vs propofol. Almitrine (MD=147 mm Hg; 95% CI, 58—236; P=0.001), dopexamine (MD=88
mm Hg; 95% CI, 4—171; P=0.039), and iloprost (MD=81 mm Hg; 95% CI, 4—158; P=0.038) improved Pao,/FiO,. Certainty of
evidence ranged from very low to moderate.

Conclusions: Adding N,O or almitrine to propofol anaesthesia reduced intrapulmonary shunt during one-lung ventila-
tion. Halogenated anaesthetics increased shunt in comparison with propofol. The effects of N0, iloprost, and dexme-
detomidine should be investigated in future research. N,O results constitute a research hypothesis currently not backed
by any direct evidence. The clinical availability of almitrine is limited.

Systematic review protocol: PROSPERO CRD42022310313.
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Editor’s key points

e Anaesthetic maintenance and adjuvant agents can
modify intrapulmonary shunt and oxygenation dur-
ing one-lung ventilation in thoracic surgery. The
extent of those physiological changes and their
impact on clinical outcomes remain unclear.

This systematic review is the first report to describe a
hierarchy of the effects of drugs used during anaes-
thesia on shunt and oxygenation during one-lung
ventilation.

Adding N,O or almitrine to propofol anaesthesia
reduced intrapulmonary shunt during one-lung
ventilation, and volatile anaesthetics increased
shunt compared with propofol.

Improved knowledge and novel research hypotheses
regarding shunt and oxygenation during one-lung
ventilation should guide further clinical trial design
focusing on clinical outcomes.

One-lung ventilation (OLV) is a requirement for many surgeries
that can result in substantial hypoxaemia through ventilation/
perfusion mismatching.! Animal studies reported worrying
consequences after OLV, such as inflammatory damage and
ventilator-induced lung injury.? In humans, thoracic surgery
under OLV was reported to be associated with up to 20% of
postoperative pulmonary complications.®> Lung isolation
through a double-lumen tracheal tube or bronchial blocker
results in the shunting of blood through the non-ventilated
lung, with partial compensation from hypoxic pulmonary
vasoconstriction (HPV).* Intrapulmonary shunt fraction (Qs/Qy)
amounts to 2—5% of cardiac output in daily life. General
anaesthesia impacts lung function and raises this fraction to
~10%, and surgery under OLV further increases it to 20—30%. In
animal models, volatile anaesthetics result in a dose-
dependent inhibition of HPV through induction of NO syn-
thase,>® whereas propofol potentiates HPV through inhibition
of K*-ATP channels.” Anaesthetic agents with improved
pharmacological profiles regarding the modulation of HPV and
inflammation might help prevent complications and improve
patient outcomes after surgery.*® The wide choice of available
drugs has only been subject to narrative review or focused
meta-analysis of select candidates until now, and the clinical
impact remains unclear.’ Significant variations in thoracic
anaesthesia practice exist, including choice of maintenance
agent, regional analgesia, or administration of adjuvant drugs.
The literature pertaining to Qs/Q; and oxygenation under OLV
naturally reflects this diversity. Hence, the large number of
experimental conditions to include in a thorough review of the
topic makes traditional meta-analysis unsuitable owing to
multiple comparison issues, which would make the analysis
complex and results confusing. However, the topic is a perfect
fit for network meta-analysis (NMA), which uses networking
effects to yield comparatively clearer and more precise results,
allowing us to use the diversity of experimental designs to our
advantage. In addition, component network meta-analysis
(CNMA) is specifically designed for the analysis of combined
treatments, accounting for a large part of the trial designs
relevant to this paper. In this systematic review with CNMA, we
summarise the comparisons between available treatments
into a comprehensive qualitative and quantitative assessment
and isolate the effects of adjuvant treatments through CNMA.

Our primary endpoint is the Qs/Q; difference associated with
the various anaesthetic drug regimens at the longest time
available under OLV in adult patients undergoing thoracic

surgery.

Methods

We conducted a systematic review with NMA and CNMA, with a
preregistered protocol available on PROSPERO (CRD42022310313).
Ethical approval was waived by the review board owing to the
absence of new data collection. Protocol deviations are reported
in Supplement 1.5. Results are reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA)-NMA extension (Supplement 1.6) and the PRISMA
2020 statement (Supplement 1.2).0%

Study eligibility

Eligibility was assessed according to Population, Intervention,
Comparison, Outcomes, and Study type(PICOS) criteria. RCTs
conducted in adult patients (>18 yr old) undergoing thoracic sur-
gery under general anaesthesia and OLV comparing pharmaco-
logical interventions aimed at modifying Qs/Q; were considered
for inclusion. No merging or clustering was used, and all treat-
ments belonged to distinct network nodes. Non-pharmacological
interventions and alternative experimental designs were
excluded. Comparators included pharmacological interventions,
placebo, or usual care arms. The primary outcome was Qs/Q; un-
der OLV. A secondary performance outcome was the Paoy/FiO,
(Horowitz) ratio. Safety outcomes were MAP and HR.

Information sources and search

MEDLINE, Embase, and the Cochrane Central Register of
Controlled Trials (CENTRAL) were searched without limitation
of year of publication or language. Reference lists of retrieved
reports were screened for additional citations. Clinical Tri-
als.gov was searched for published, unpublished, and ongoing
studies. Trial authors were queried if outcome data were
missing or unclear. Searches were updated until March 30,
2022. Reproducible searches can be found in Supplement 1.14.

Study selection and data collection

Literature screening was independently conducted by two in-
vestigators (RS, AP). Disagreements were resolved through
consensus or arbitrage (BB). Reports were examined at the title,
abstract, and full-textlevels. Duplicates were removed manually.
Studies satisfying inclusion and exclusion criteria with missing
outcome or exposure data were included in the systematic review
only. Data extraction (RS, ALD) consisted in the study population,
interventions, outcomes, funding, and variables potentially
invalidating the transitivity assumption (FiO,, inclusion of
pneumonectomy, OLV<30 min). A stable period of atleast 30 min
under OLV without surgical manipulation is required to collect
accurate Qs/Q: measurements, and studies failing to fulfil this
requirement were recorded as such (Supplement 1.9). One author
verified the extracted data (ALD). Outcome data were collected for
the longest time under OLV available.

Geometry of the network

Network geometry was reported according to graph theory
criteria.’” Reported elements included the number of nodes,
edges, and studies per edge (edge thickness, with median and
inter-quartile range [IQR]), network density, percentage of
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common comparators, and the percentage of strong edges
(edges with >1 study). A network graph is presented.

Quality assessment

Within-study risk of bias was assessed by two investigators
(RS, AP) using the RoB 2 tool.’> Overall assessment for the
primary outcome was classified as ‘low’, ‘some concerns’, or
‘high’ according to recommended criteria. For outcomes
considered ‘low’, all domains were rated as low risk. For those
assessed to have ‘some concerns’, no domains were rated as
high risk, and there was at least one ‘some concerns’ rating. A
rating of ‘high’ means at least one domain was rated as high
risk, or multiple domains were rated as concerning in a way
that substantially lowered the confidence in the results. The
certainty of evidence assessment used the framework of
Confidence in Network Meta-Analysis (CINeMA) and covered
six areas: within-study bias (using RoB2 input), reporting bias,
indirectness, imprecision, heterogeneity, and incoherence.’*

CINeMA extends the grading of recommendations,
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assessment, development, and evaluations (GRADE) frame-
work in the context of NMA.*

Data synthesis

Central tendencies and spread were transformed to mean
with standard deviation where possible.'® A random-effects
NMA (full interaction model) was conducted for each
outcome. Treatment effects were estimated using the mean
difference (MD) with 95% confidence interval (95% CI) and
ranked using the P-score, a frequentist analogue of surface
under the cumulative ranking curve (SUCRA).” The transi-
tivity assumption was assessed by comparing potential effect
modifiers across treatment comparisons. Inconsistency was
evaluated by the side-splitting approach at the comparison
level and by a full design-by-treatment model at the global
level. Heterogeneity was assessed globally, with its between-
and within-design components assessed through decompo-
sition of the Q statistic. Major contributors to heterogeneity
were defined as designs presenting a P<0.05 on hypothesis
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Fig 1. Network plot of treatments for intrapulmonary shunt in thoracic surgery under one-lung ventilation. Dark blue nodes: network
meta-analysis model; light blue nodes: additional treatments included in disconnected component network meta-analysis; light green:
low risk-of-bias (not represented); yellow: some concerns; red: high risk-of-bias. Dark green, orange, and dark red indicate comparisons for
which indirectness was detected. Node size is log sample size. alm, almitrine; des, desflurane; dex, dexmedetomidine; dop, dopexamine;
enf, enflurane; epi, epidural; flu, flurbiprofen axetil; hal, halothane; ilo, iloprost; iso, isoflurane; ket, ketamine; mid, midazolam; n2o, N,O;

no, NO; pro, propofol; sev, sevoflurane; sgb, stellate ganglion block.
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tests against the Q statistic. Inconsistency was detailed in net
heat plots and pairwise forest plots. We used a complete-case
analysis. Studies with multiple treatment arms were included
on a per-arm basis. Disconnected network CNMA assessed
individual treatment components, with model fit assessed
through a hypothesis test on the Q statistic against the NMA
model. Where appropriate, an interaction (multiplicative)
CNMA was fit using major contributors to between-design
heterogeneity as covariates. Publication bias was assessed
through examination of the funnel plot for the main outcome
using newly investigated treatments as main comparators. A
sensitivity analysis on the low risk-of-bias subgroup was
planned but could not be performed because of the scarcity of
data in this subpopulation.

The analysis was performed using R version 4.2.1 (R Founda-
tion for Statistical Computing, Vienna, Austria) with the package
netmeta and typeset using the Org-mode literate programming
framework according to reproducible research principles.’® %
Cut-offs for the definition of clinically significant effects were
within +10% for Qs/Q;, within +50 mm Hg for Paoy/FiO,, within
+10 mm Hg for MAP, and within +10 beats min~? of the main
comparator treatment for HR. Treatment effects were deemed
potentially clinically significant when the mean effect magnitude
was equal or larger than the relevant cut-off value. NMA results
are expressed as comparisons with propofol TIVA.

Results

We identified 1159 citations, including 810 unique docu-
ments of which 110 full-text articles were assessed for

eligibility. We included 54 RCTs in the meta-analysis for a
total of 2728 participants (55 reports and 2788 participants
in the systematic review; see Supplement 1.1). Adequate
information, full reports, or both could not be retrieved for
four references.?’™?* One study was excluded from meta-
analysis owing to missing precision data.?® Additional
studies were excluded from the Pao,/FiO, ratio (three
studies?® %%), MAP (eight studies?’?°>°), and HR (nine
studies?’ ") analyses for missing outcome data. There were
four multi-arm RCTs included in the analysis.>***>® One
author had a large number of retracted studies according to
retractionwatch.com.?* The study selection process is dis-
played using a PRISMA flowchart (Supplement 1.2). There
was no evidence against the assumption of transitivity
other than N0 administration being naturally associated to
a FiOy<1. Ten out of 55 studies used an OLV stabilisation
period <30 min. Five studies did not report the duration of
the stabilisation period. Forty studies satisfied the stable
period requirement. A summary of eligible RCTs is provided
in Supplement 1.3.

Network geometry

The network contained 26 nodes and 68 edges (direct and in-
direct comparisons). Edge density was 0.21, whereas the per-
centage of common comparators was 46% and median edge
thickness was 1 (IQR, 1—2.75). Edge thickness is detailed in
Supplement 10.1. There was a gap in evidence resulting in two
disconnected components in the network. A network graph is
presented in Fig. 1.

Contrast to propofol TIVA Random effects model MD 95% Cl 95% PI A B C D E F G
Propofol + N,O —a—— ! —15.40 [-25.58;-5.22] [27.92,283 O @ O ®@ @ ® O
Propofol + almitrine —l— i -13.10 [-20.09; -6.11] 23321 OO0 @ ® ® ® ©
Propofol + almitrine + NO —— 5 -12.00 [-21.35;-265] [-238,02] O O @ ® @ @ O
Halothane + N,O —— ' -10.00 [-16.67;-3.33] [-19.66;-034 O @ O ® & & O
Sevoflurane + N,O R ! -10.19  [-2242;2.04] [-2454,416] O @ O O ©® ® ©
Midazolam — -7.40 [-21.13;6.33] [-2314,834] O @ O O © ® ®
Propofol + iloprost R -5.50 [-12.18;1.18] [-15.16416] @ @ @ O ® ® O
Propofol + flurbiprofen axetil —4.80 [-12.44;2.84] 15256 O @ ®@ © ®@ ® ©
Sevoflurane + iloprost -3.36 [-14.24;753] [-165978] O @ @ O © ® ©
Propofol + dexmedetomidine 216 [-5.29,097] [964532] O @ ® @ @ ® O
Propofol + stellate block -2.10 [9.72;5.52] [-1249,829] O @ @ ®@ © @® O
Propofol + dopexamine -1.90 [-10.68;6.88] [-1322,943] O @ ® O @ ® O
Isoflurane + N,O -1.40  [-8.26; 5.46] 1284 O @ O ® © © ®
Prostaglandin E1 + propofol -0.30 [-7.20;6.60] [-10.13;953] O @ @ @ © @® O
Sevoflurane + almitrine -0.16 [-10.28;9.96] [-1262,123] O @ @ © © ® ©
Isoflurane + dexmedetomidine 2.08 [497;913] [-787;1202] O @ @ @ © ©® ©
Propofol + epidural 2.57 [051;4.62] [451;964] O O ©® ©® ®@ @@ O
Ketamine 464 [-9.69;18.97] [-1166;2095] @ @ ® © O @® ©
Sevoflurane 4.84 [212;757] [-247;1215] O @ @ ®@ © @ O
Enflurane 564  [0.68;10.60] [-284;1412] O @ O @ © ® ©
Isoflurane + epidural 572 [246;898] [-1821327] O @ @ ®@ © O @
Isoflurane 6.28 [3.84;871] [-092,1348] O @ @ @ O ® O
Desflurane 8.87  [3.52;14.22] 014176] 0 @ ©® & ®@ @ ©

-20 -10 O 10 20
Intrapulmonary shunt difference (%)

Fig 2. Forest and traffic lights plot of treatments for intrapulmonary shunt in thoracic surgery under one-lung ventilation. Letters are
headings for the CINeMA confidence in the evidence assessment. A, within-study bias; B, reporting bias; C, indirectness; D, imprecision; E,
heterogeneity; F, incoherence; G, overall rating. Colours and symbols are ratings on the confidence in the evidence. Green (+): high
confidence; blue (~) moderate confidence; yellow (—): low confidence; red (x): very low confidence. Dashed lines: clinical significance limits
for treatment effect magnitude. 95% CI, confidence interval; 95% PI, prediction interval; CINeMA, Confidence in Network Meta-Analysis;

MD, mean difference.
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Full interaction model

The primary outcome analysis included 54 RCTs, for a sample
size of 2728 participants.’® ”° There were 24 distinct treatments
participating in 28 study designs. The overall risk of bias was
unclear on average, with respectively 1 (2%), 45 (85%), and 7
(13%) studies at low, unclear, and high risk of bias (Supplement
1.4). Some comparisons were downgraded for indirectness
because of an FiO, <1. See Supplement 2 for a per-comparison
risk-of-bias summary and Supplement 3 for details of this
assessment, 26287303741,44707275 Halothane+N,O and propofol
with almitrine, NO, or N,O reduced Qs/Q; by a clinically signif-
icant magnitude with a prediction interval excluding zero,
whereas combined epidural anaesthesia, halogenated anaes-
thetics, and especially desflurane were associated with an in-
crease. Major contributors to heterogeneity were sevoflurane vs
isoflurane,*™° isoflurane wvs isoflurane-+epidural®*>>/%5°
(within-design), and propofol vs isoflurane+epidural (be-
tween-designs).>*®”? No significant inconsistency was present
(Q=9.283, df=9, P=0.412). Confidence in network estimates was
moderate to very low, mostly degraded by the large proportion
of studies at unclear risk of within-study bias and the system-
atic downgrading of comparisons including N,O for indirect-
ness owing to FiOp<1 (Fig. 2). Publication bias could not be
reliably identified from the funnel plot (Supplement 1.10.4). A
ranking of treatments can be found in Fig 3. Details on

heterogeneity (Supplement 1.10.2), inconsistency (Supplement
1.10.3), and strength of evidence (Supplement 3) are reported
in the Supplementary material.

Component meta-analysis

Inclusion of the isoflurane xepidural interaction into a multi-
plicative CNMA allowed a substantial improvement in fit vs
the additive model (Q=285, df=42, P<0.001), although the fit
remained inferior to the full-interaction model (Q=268, df=36,
P<0.001). Further adjustment did not improve model fit. CNMA
estimates were broadly compatible with NMA (Supplement
1.11.6). Among the treatment estimates allowed through
CNMA only, sevoflurane+epidural+dexmedetomidine
increased Q¢/Q:. Almitrine, N0, and iloprost all decreased Qs/
Q;, although only almitrine held potential clinical significance
(Table 1). Propofol+N,0 was ranked as the most efficient
treatment to decrease Q¢/Q; (Fig. 3).

Secondary outcomes

Pao,/FiO, was available from 51 RCTs, amounting to 28 experi-
mental designs and 2606 participants.”””’> NMA supported
mildly worse oxygenation under isoflurane, whereas combining
propofol with iloprost, dopexamine, or almitrine with or
without NO was associated with improvements.

Treatment

QJ/Q

Propofol + N,O

Propofol + almitrine

Propofol + almitrine + NO

Halothane + N,O

Sevoflurane + N,O

Midazolam

Propofol + iloprost

Propofol + flurbiprofen axetil

Sevoflurane + iloprost

Propolol + dexmedetomidine

Propofol + stellate block

Propofol + dopexamine

Isoflurane + N,O

Prostaglandin E1 + propofol

Sevoflurane + almitrine

Propofol

Isoflurane + dexmedetomidine

NA NA
0.4528| 0.5366 | 0.5389| 0.6680
0.4435] 0.5132| 0.3232
0.4388] 0.4365| 0.6772| 0.6250
0.3372| 0.3753| 0.5112

Propofol + epidural

0.3064 | 0.4134 | 0.2586

Ketamine

Sevoflurane

Enflurane

Isoflurane + epidural

Isoflurane

Desflurane

0.2629| 0.3836| 0.4050
0.5658

0.6892

0.7012

Fig 3. P-score ranking of treatments for intrapulmonary shunt, Pao,/FiO,, MAP, and HR in thoracic surgery under one-lung ventilation. Blue
(large value): high ranking; white: average ranking; red (small value): low ranking. NA, not available; P/F, Pao,/FiO,.
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Table 1 Treatment component effect summary for intrapulmonary shunt (Qs/Q;), Pao,/FiO, (P/F), MAP, and HR in thoracic surgery
under one-lung ventilation. Significant results under 2<0.05 are in bold font. White rows include the null effect within CI bounds.
Colours classify mean effect magnitude according to clinical significance cut-offs. Q;/Q;: m marked decrease, mild decrease, = mild
increase, m marked increase; Pao,/FiO,: m marked increase, mild increase, mild decrease, m marked decrease; MAP: m marked in-
crease, mild increase, mild decrease, m marked decrease; HR: m marked decrease, mild decrease, mild increase, m marked in-
crease. MD, mean difference; 95% CI, 95% confidence interval.

Treatment Outcome MD Cl low Cl high P-value
Almitrine Q4/Q; (%)
P/F (mm Hg)
MAP (mm Hg) -3.01 -14.62 8.61 0.61
HR (beats min~1) 7.74 -4.52 20.01 0.22
Desflurane Q4/Q¢ 5.7 0.77 10.64 0.02
P/F -5.56 -55.8 44.69 0.83
MAP -2.92 -11.22 5.38 0.49
HR 1.42 -7.91 10.75 0.77
Dexmedetomidine | Qg¢/Q -2.84 -5.37 -0.32 0.03
P/F 42.91 9.33 76.49 0.01
MAP -2.44 -7.63 2.74 0.36
HR -2.64 -9.07 3.79 0.42
Dopexamine Q4/Qy -1.81 -10.4 6.79 0.68
P/F
MAP
HR
Enflurane Q4/Q¢ 1.89 -2.3 6.08 0.38
P/F -22.15 -71.97 27.67 0.38
MAP 3.57 -3.73 10.88 0.34
HR -0.99 -9.68 7.7 0.82
Epidural Q4/Q¢ 2.75 0.81 4.68 0.01
P/F -3 -23.8 17.81 0.78
MAP -7.67 -11.1 -4.25 <0.001
HR -5.17 —8.93 -1.41 0.01
Flurbiprofen Q4/Q¢ -4.8 -12.04 244 0.19
Axetil P/F 36 —44.46 116.46 0.38
MAP -2 -15.06 11.06 0.76
HR 4 -11.34 19.34 0.61
Halothane Q4/Q¢ -5.28 -11.99 1.43 0.12
P/F 17.73 -56.09 91.56 0.64
lloprost Q4/Qy -6.23 -11.55 -0.9 0.02
P/F | 6407 | 949 | 11865 | 002 |
MAP 2.69 -6.52 11.91 0.57
HR -0.35 -10.8 10.1 0.95
Isoflurane Q4/Q¢ 3.32 0.31 6.34 0.03
P/F -20.27 -53.13 12.6 0.23
MAP -1.82 —7.24 3.61 0.51
HR 3 -3.02 9.02 0.33
Ketamine Q/Q¢ 0.89 -11.3 13.09 0.89
P/F 19.85 -93.65 133.35 0.73
MAP -3.43 —22.39 15.53 0.72
HR -6.99 —26.52 12.54 0.48
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Treatment Outcome MD Cllow Cl high P-value
Midazolam Q4/Qy —4.2 —14.66 6.26 0.43
P/F -17.96 -133.18 97.27 0.76
MAP 1.27 -5.26 7.81 0.7
HR 5.68 -1.78 13.14 0.14
N,O Q4/Q¢ —-8.46 -15.24 -1.68 0.01
P/F 45.15 -30.66 120.97 0.24
MAP -1.27 —-7.81 5.26 0.7
HR -5.68 -13.14 1.78 0.14
NO Q4/Q¢ -1.54 -12.05 8.98 0.77
P/F 60.57 —47.97 169.11 0.27
MAP 3.01 —14.96 20.97 0.74
HR 1.26 —20.12 22.63 0.91
Prostaglandin E1 Q/Q¢ -0.3 —6.76 6.16 0.93
P/F 20 -56.56 96.56 0.61
MAP -2 —14.88 10.88 0.76
HR -2 -17.52 13.52 0.8
Propofol Q/Q¢ -3.74 -6.33 -1.15 <0.001
P/F 28.89 1.24 56.54 0.04
MAP 2.54 -2.3 7.39 0.3
HR -2.63 -8.11 2.85 0.35
Sevoflurane Q/Q¢ 1.41 -1.74 4.55 0.38
P/F -0.54 -36.48 35.39 0.98
MAP 0.78 -6.07 7.63 0.82
HR 0.51 —7.67 8.69 0.9
Stellate block Q/Q¢ 21 -9.33 5.13 0.57
P/F 9 -80.41 98.41 0.84
MAP 2 -13.55 17.55 0.8
HR -8 —24.67 8.67 0.35

Propofol-+almitrine with or without NO displayed a prediction
interval excluding the null effect. Between-design heterogeneity
stemmed from the propofol us isoflurane+epidural,®”-*47? iso-
flurane vs propofol+epidural,®*>® and propofol s
propofol+epidural®*36—3841:46,49-51,5573,75,78 qesigns. No specific
contributor to within-design heterogeneity could be identified,
although there was evidence for an overall effect (Q=105, df=25,
P<0.001). Inconsistency stemmed from isoflurane+epidural vs
propofol®”*372 or isoflurane®>*”:*45° on side-splitting. Almitrine,
dopexamine, and iloprost were associated with better oxygen-
ation (Table 1). Potential clinically significant treatments were
propofol+almitrine with or without NO (Fig. 4).

Data on MAP were provided by 46 RCTs, 27 designs, and 2312
participants.?>?%357° NMA revealed a potential clinically sig-
nificant reduction in MAP for combined epidural anaesthesia
with propofol or isoflurane (Supplement 1.12.5). Prediction in-
tervals all included zero. Between-design heterogeneity con-
tributors were propofol vs isoflurane+epidural®*%’? and
isoflurane vus isoflurane+epidural®**% designs. Within-design
heterogeneity was present but could not be traced back to a

particular culprit (Q=124, df=21, P<0.001). No inconsistency
could be detected. CNMA vs NMA showed a small decrease in
MAP for isoflurane with or without dexmedetomidine, and
additional potential clinically relevant decreases for sevo-
flurane+epidural with or without dexmedetomidine. Epidural
anaesthesia moderately reduced MAP, with borderline clinical
significance (Table 1).

Information on HR was provided by 45 RCTs, 27 designs,
and 2272 participants.?®3¢7° NMA indicated a small decrease
in HR with combined propofol+epidural anaesthesia. In-
creases in HR were seen with isoflurane with or without dex-
medetomidine and with propofol+dopexamine, which was
the only condition presenting a strictly positive prediction
interval (Supplement 1.13.5). Global heterogeneity was pre-
sent, with no clearly identified origin (Q=397, df=29, P<0.001).
No inconsistency could be detected. CNMA vs NMA showed
unchanged estimates and did not detect additional influential
treatments (Table 1).

Further details on all secondary endpoints results can be
found in Supplement 1.11-13.
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Contrast to propofol TIVA Random effects model MD 95% CI
Propofol + almitrine + NO —®—— 152.00 [60.78; 243.22]
Propofol + almitrine : —— 91.43 [32.61; 150.25]
Propofol + dopexamine b 87.69  [6.49; 168.88]
Propofol + iloprost 64.07 [9.49; 118.65]
Sevoflurane + almitrine : 62.00 [-4.56; 128.56]
Propofol + dexmedetomidine 42.91 [9.33; 76.49]
Propofol + N,O i 45.15 [-30.66; 120.97]
Halothane + N,O 34.00 [-36.45; 104.45]
Sevoflurane + iloprost 34.64 [-28.21;97.49]
Propofol + flurbiprofen axetil 36.00 [-44.46; 116.46]
Prostaglandin E1 + propofol 20.00 [-56.56; 96.56]
Sevoflurane + N,O 15.72  [-63.04; 94.48]
Sevoflurane + epidural + dexmedetomidine 10.48 [-40.71;61.68]
Propofol + stellate block 9.00 [-80.41;98.41]
Propofol + epidural -3.00 [-23.80; 17.81]

Ketamine

Isoflurane + N,O

Isoflurane + dexmedetomidine
Isoflurane + epidural
Sevoflurane

Midazolam

Desflurane

Sevoflurane + epidural
Enflurane

Isoflurane

—9.04 [-140.58; 122.50]

-4.00 [-75.22; 67.22]

-6.24 [-48.71; 36.23]
-19.49  [-53.53; 14.56]
-2943  [-60.59; 1.72]
-46.85 [-169.85; 76.16]

-34.44  [-86.38; 17.49)
-32.43  [-71.08; 6.22]
-51.04 [-109.65; 7.57]
-49.15 [-75.16; —23.15]

-200

-100 0 100 200

P/F ratio difference (mm Hg)

Fig 4. Forest plot of treatments for Pao,/FiO, in thoracic surgery under one-lung ventilation. Dashed lines are clinical significance cut-offs
for treatment effect magnitude. 95% CI, confidence interval; MD, mean difference; P/F, Pao,/FiO,.

Discussion

To our knowledge, this is the first report to synthesise evi-
dence from all adjuvant treatments effects pertaining to Qs/Q;
and Paoy/FiO; in thoracic surgery under OLV. Results were
broadly compatible with current knowledge, suggesting
appropriate model fit. However, the low network density and
the percentage of common comparators indicate significant
potential for improvement through network densification and
updated NMA remains.

Almitrine, a selective pulmonary vasoconstrictor agent
(currently unavailable in North America, still available for
research purposes only in Europe), held the largest positive in-
fluence over Qs/Q: and oxygenation. At the other end of the
spectrum, halogenated anaesthetics and desflurane in partic-
ular showed moderate worsening of Qs/Q: and Pao,/FiO;. Iso-
flurane was ranked last among available treatments because of
additional associations with worse haemodynamics. Results for
NO and particularly N,O were unexpected. Indeed, NO is widely
used in anaesthesia and critical care as a Qs/Q; regulator and
oxygenation optimising agent in the context of acute respira-
tory distress syndrome.?’ Here, the effect of NO was mostly
non-significant but remained beneficial when combined with
almitrine. N,O had a larger effect than NO on Q¢/Qy, and com-
parable effect on Pao,/FiO, with potential for clinical signifi-
cance. Substantial imprecision and confidence in the evidence,
ranging from ‘moderate’ to ‘very low’ mostly because of within-

study bias, do temper our confidence in those results. Persis-
tence of NpO effects and general coherence between our
different models is, however, encouraging.

Haemodynamic safety conformed to expectations. Com-
bined epidural anaesthesia and dopexamine administration
were associated to undesirable haemodynamic effects of po-
tential clinically significant magnitude, with low confidence in
the evidence. No effect on oxygenation could be detected.
There was little support for effects of either almitrine, iloprost,
dexmedetomidine, NO, or N,O on MAP or HR.

Certainty of evidence in reported effects considered within-
study risk of bias, imprecision, heterogeneity, and incoher-
ence of (in)direct comparisons. This revealed substantial un-
certainty regarding drug-induced modification of Qg/Q: in
thoracic surgery under OLV. Uncertainty was distributed
evenly across comparisons and pointed to a generally low
quality of evidence.

Context and reference to prior work

Recent literature regarding Qs/Q; and oxygenation on OLV has
been focusing on adjuvant treatments. Dexmedetomidine was
the object of several meta-analyses yielding encouraging re-
sults.?152 Other adjuvants under study have been almitrine,
iloprost, and NO. Notably, N,O was never a focus of research
regarding Qs/Q:, and our findings pertaining to it are
incidental.
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A heated controversy has been surrounding N,O as an
adjuvant to general anaesthesia in the past decade, after re-
ports of cardiac toxicity thought to result from the inhibition of
methionine synthase, including the Evaluation of Nitrous
Oxide in the Gas Mixture for Anaesthesia (ENIGMA) trial.?% In
addition, drawbacks such as emesis, myelopathy and hyper-
homocysteinaemia discouraged N,O use.®* % In thoracic
surgery, N,O enlarges airspace through diffusion.?’” However,
N,0 also presents the advantage of enhancing lung collapse
and remains in use for OLV in some centres.?®®° Recently,
reports of safety under N,O inhalation from the PeriOperative
ISchemic Evaluation (POISE) and ENIGMA II trials have reha-
bilitated N,0.°%°" In addition, there is evidence for fewer res-
piratory complications and reduced mortality with N3O,
possibly driven by lung protection against hyperoxia and
promotion of surfactant synthesis through N-methyl-p-
aspartate (NMDA) receptor inhibition.?>~°* Our results support
the use of N0 in thoracic surgery under OLV, with very low
confidence in the evidence owing to it being derived from in-
direct network effects exclusively, therefore making it fragile
and highly subject to potential rebuttal in the future.

Almitrine acts on the pulmonary circulation by enhancing
HPV in non-ventilated areas with a dose—response effect.®®%
Used as a continuous infusion, large improvements in
oxygenation can be achieved, especially when combined with
NO.?® Almitrine was, however, reported as inefficient when
combined to inhalation anaesthesia.*> Undesirable effects of
almitrine include pulmonary hypertension and peripheral
neuropathy, but those do not appear with low-dose short-term
administration in combination with NO.°>% Our results
partially agree with the literature. Indeed, although almitrine
with propofol showed superior effectiveness on shunt and
oxygenation outcomes, results disallow rejecting an effect of
almitrine when combined with sevoflurane. The direct evi-
dence for this particular comparison was based on a single
RCT and would deserve further investigation.*®

Acting mainly through 02 adrenoreceptor agonism, dex-
medetomidine also regulates inflammation and oxidative
stress. In addition, dexmedetomidine is an attractive adjuvant
improving oxygenation, while decreasing Q¢/Q:; and heart
rate.®>% Preclinical evidence in animals showed that dexme-
detomidine reduced ventilator-induced lung injury® and
regulated inflammation in OLV models.'® In humans, anti-
inflammatory effects have been shown to persist at least un-
til postoperative Day 1. Mode of administration matters, as a
preoperative bolus dose does not provide the same benefits as
continuous infusion.?! Although this review covers the intra-
operative period only, dexmedetomidine results on Qs/Q; and
Paoy/FiO, agree with previously published protective effects.
Although dexmedetomidine is well established as a drug
lowering blood pressure and heart rate, the effect was small
and non-significant in our results.’"?

Iloprost is a synthetic prostacyclin PGI2 analogue gaining
interest as a modulator of the pulmonary circulation. In its
inhaled form, iloprost selectively dilates pulmonary arteries
and affects Q¢/Q: by preferentially distributing into well-
ventilated areas.’®”'%* This correlates well with our results,
and although the effect size on Qs/Q; was small, iloprost was
associated with a substantial improvement in oxygenation.
Results are therefore promising, and several RCTs are under-
way or awaiting publication, which could make iloprost a
strong choice for thoracic surgery if the preliminary evidence
is consolidated.>%104106

Aside from adjuvant agents, the main hypnotic strategy for
thoracic surgery under OLV also is of critical importance. The
choice between propofol and inhalation anaesthesia is the
main clinical and research paradigm, and comparing those
strategies has long been a major focus for authors.'”” Sevo-
flurane has been reported to protect against
ischaemia—reperfusion lung injury associated to OLV through
preservation of the glycocalyx layer protecting epithelia and
reduction of inflammation.’°®1% Those benefits translate to a
reduced incidence of postoperative pulmonary complications,
even though shunt and oxygenation are moderately worse
compared with propofol.? This correlates with our data, with
improved shunt and oxygenation under propofol, followed by
sevoflurane over other halogenated anaesthetics.

Some evidence suggests that thoracic epidural anaesthesia
(TEA) has a negative impact on Qy/Q; and oxygenation.'*° Pre-
vious research on the topic suggests that epidural does not
impact Qy/Q; as long as cardiac output is maintained.’! Our
results support a minimal increase in Qs/Q; with epidural, but
the effect magnitude is small enough to be considered clinically
insignificant and lies below the reliable measurable threshold of
current measurement techniques. In addition, epidural results
were present in many of our inconsistency assessments, mak-
ing unbiased interpretation difficult. TEA may alleviate
inflammation in the oncological lung resection context,''? and
remains the most widespread regional anaesthesia procedure
for analgesia after thoracic surgery.''®'™* Pain after surgery
resulted in a prolonged hospital stay after video-assisted
thoracic surgery in 15% of patients in a recent RCT.'*

Interestingly, our evidence contradicts a purely physiolog-
ical interpretation of Qs/Q; as the main actor of oxygenation
performance under OLV. Indeed, dexmedetomidine and sev-
oflurane both improve Paoy/FiO; while exerting opposite ef-

fects on Qy/Qx.

Implications for clinical practice and future research

A large part of the published literature assessed combination
treatments for the modification of Qy/Q: and oxygenation
during thoracic surgery under OLV. Crucially, the variety of
those combined treatments made the literature difficult to
assess for clinical guidance up to now. A novel research
paradigm uncovered in our analysis is that N,O may prove an
attractive adjuvant decreasing Q¢/Q; and improving Pao,/FiO,,
while causing little haemodynamic disruption. N,O is easy to
administer and widely available, especially compared with
more involved options such as NO. With high uncertainty,
combining N,0 and sevoflurane is supported by the data as a
maintenance anaesthetic regimen, in light of the N,O-driven
compensation of sevoflurane drawbacks regarding Qs/Q; and
Paoy/FiO,. The use of sevoflurane is further supported by the
literature arguing in favour of persistent protective effects
during and after surgery.® Dexmedetomidine+propofol is an
alternative to sevoflurane for organ preservation supported by
both our data and the published literature, although signifi-
cantly more expensive and less widespread than N,O. The
use of N,O of course remains discouraged in the presence of
lung pathologies associated to air-filled cavities, such as
emphysema.

Our results suggest several avenues for research on gas
exchange and haemodynamic outcomes in thoracic surgery.
From a structural standpoint, evidence increasing the quality
and density of the treatment network is a priority given the
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currently very low to moderate confidence in the presented
evidence. A study connecting the subnetwork components in
this work was in fact conducted, but unfortunately had to be
excluded because of the unavailability of the complete
report.”’ Secondly, further high-quality RCTs using N,O and
dexmedetomidine adjuvants are necessary to improve the
precision of estimates. The current market status of almitrine
makes interventional research involving this compound
difficult, and authors seeking a more applicable alternative
might prefer to focus on other adjuvants, such as iloprost,
dexmedetomidine, or N,O.

Strengths and limitations

NMA allowed best use of the available data and improved the
precision of estimates compared with pairwise meta-analysis
(median NMA leverage=0.25; IQR, 0.07—1). The main strength
of this study is its state-of-the-art methodology, which
allowed the coherent synthesis of a large number of trial de-
signs and the first ever meta-analysis including the various
anaesthetic regimens affecting Qs/Q; and Pao,/FiO, under OLV.
A key feature of CNMA was the ability to decompose the ef-
fects of combined treatments into their maintenance/adju-
vant constituents, including those not represented by direct
trial evidence (e.g. N,O). Traditional meta-analysis or standard
NMA would have limited us to the assessment of combined
treatments. The newly identified research hypothesis
regarding the effect of N,O, although supported by fragile ev-
idence and requiring validation by direct clinical evidence,
would have not been allowed by a traditional methodology.
This deserves to be highlighted, as the generation of such new
hypotheses is recognised as one of the main goals of meta-
analytical techniques.'*®

Several limitations must, however, be acknowledged.
First, the influence and potential contamination between
study arms of interventions left unreported or not included
may have biased effect estimates with unpredictable
magnitude and direction. Haemodynamic support, analgesia,
or paralysing agents are candidates for such confounders.
Unavailable physiological data, such as mixed venous oxy-
gen content, could also qualify as an unmeasured
confounder preventing a complete assessment of oxygena-
tion. Second, risk of bias was designated as ‘some concerns’
or ‘high’ for most reports. Within-design risk of bias was the
major factor that lowered confidence in the evidence. The
downgrading of comparisons including N,O owing to FiOp<1
also played a part. Third, we conducted a complete-case
analysis with no imputation of missing data. Missing data
occurred in an all-or-nothing pattern across studies and was
considered to not be missing at random. Fourth, multiple
comparisons using ¢=0.05 were performed. This is an unre-
solved issue within the NMA framework. Mitigation was
attempted by appraising results without unnecessarily
highlighting P-values or 95% CI cut-offs and using prediction
intervals where available. Fifth, substantial heterogeneity
was present in some pairwise comparisons. We presented
the prediction interval of the pairwise aggregated estimates
to better inform the reader in such cases. Sixth, the natural
association of N,O administration with lower FiO, weakened
transitivity and might have biased estimates. Reasoning
based on HPV would expect a decrease in FiO; to increase Qs/
Q: and degrade oxygenation. The converse effect on Paoy/
FiO, is anticipated for the N,O incidental association to
reduced hyperoxia. The direction and magnitude of bias

associated to NO therefore remains unknown. Finally,
although physiological outcomes such as Qs/Qi, Paoy/FiOy,
MAP, and HR certainly are an important substrate for clinical
reasoning, evidence relating those to adverse clinical out-
comes of end-organ injury and lung recovery remains scarce.
Overcoming this scarcity appears necessary to judge the
relevancy of this line of research. This has already been
called out in a 2013 Cochrane review on a closely related
topic by Médolo and colleagues.'”’

Conclusions

The addition of N,O and almitrine to propofol reduced Qs/Q:
during OLV in thoracic surgery. Halogenated anaesthetics
increased Q¢/Q: in comparison with propofol. Almitrine,
dopexamine, and iloprost improved Paoy/FiO,. Network
structure shows that significant potential for improvement in
the strength of evidence remains with the conduct of high-
quality RCTs investigating the adjuvant agents supported by
this review. Readers should be aware that our appraisal of N,O
results currently constitutes a research hypothesis lacking
direct evidence support, and that almitrine is a research drug
currently unavailable for clinical purposes.
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