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Abstract

Objectives: Goal directed optimisation of cerebral oxygenation using Near Infra-red Spectroscopy (NIRS)
during cardiopulmonary bypass is widely used. We tested the hypotheses that the use of NIRS cerebral
oximetry results in reductions in cerebral injury (neurocognitive function, serum biomarkers), injury to
other organs including the heart and brain, transfusion rates, mortality and resource use.

Design: Systematic review and meta-analysis.

Setting: Tertiary cardiac surgery centres in North America, Europe and Asia.

Participants: A search of Cochrane Central Register of Controlled Trials, Clinical Trials.gov, MEDLINE, and
EMBASE and the Cumulative Index to Nursing and Allied Health Literature (CINAHL) Plus from inception to
November 2016 identified 10 randomised trials, enrolling a total of 1466 patients, all in adult cardiac
surgery.

Interventions: NIRS based algorithms designed to optimise cerebral oxygenation versus standard care (non
NIRS based) protocols in cardiac surgery patients during cardiopulmonary bypass.

Outcome Measures: Mortality, organ injury affecting the brain, heart and kidneys, red cell transfusion and
resource use.

Results: Two of the 10 trials identified in the literature search were considered at low risk of bias. Random
effects meta-analysis demonstrated similar mortality (Risk Ratio (RR) 0.76, 95% Confidence Intervals (Cl)
0.30 to 1.96), major morbidity including stroke (RR 1. 08, 95% Cl 0.40 to 2.91), red cell transfusion, and
resource use, in NIRS treated patients and controls, with little or no heterogeneity. Grades of
Recommendation, Assessment, Development and Evaluation (GRADE) assessment of the quality of the
evidence was Low or Very Low for all of the outcomes assessed.

Conclusions: The results of this systematic review did not support the hypotheses that cerebral NIRS based
algorithms have clinical benefits in cardiac surgery.

Registration: PROSPERO CRD42015027696
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Strengths and limitations of the Study

e We performed a systematic review of randomised trials evaluating the clinical benefits of near

infrared spectroscopy based cerebral oximetry monitoring during cardiopulmonary bypass.

e This is most comprehensive review of this technology to date.

o All of the existing trials had important methodological limitations, including importantly a lack of

blinding of clinical personnel.

e GRADE assessment of the quality of the evidence was Low or Very Low for all of the outcomes
assessed indicating a high likelihood that the findings of the review may be altered by subsequent

trials.
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Introduction

Brain injury is a common and severe complication of cardiac surgery with cardiopulmonary bypass (CPB),
affecting up to 40% of patients, where it contributes to morbidity, mortality, and the increased use of
hospital resources *. The pathophysiology of CPB associated brain injury is multifactorial > but is thought to
involve regional hypoperfusion and tissue hypoxia,®* often within vascular beds which are already
abnormal due to advanced age or comorbidities such as diabetes.>® Previous studies have suggested that
cerebral oxygenation may be measured non-invasively using Near Infra-red Spectroscopy (NIRS) sensors
applied to the forehead,” and more importantly that targeted interventions during bypass that increase
NIRS measured cerebral oxygenation have clinical benefits including reductions in brain injury,® and

9,10

reductions in injury to other organ systems as a result of improved overall perfusion.””" It has also been

suggested that the use of NIRS may allow the safe application of restrictive red cell transfusion thresholds
where there is evidence of adequate cerebral oxygenation; a putative personalised transfusion indicator.”*!
However, there is uncertainty as to the clinical benefits of NIRS'? and this leads to variability in the use of
these devices." To address this uncertainty we performed a systematic review and meta-analysis of

randomised trials that had evaluated the effects of personalised NIRS based algorithms on clinical

outcomes including mortality, organ (brain, heart, kidney) injury, transfusion and resource use.

Methods

Systematic review

The review followed the methods described in Cochrane Handbook for Systematic Reviews of
Interventions.'® The review protocol was registered prospectively; PROSPERO CRD42015027696. A detailed
description of the methods and the protocol are available in the online only digital supplement.

Search methods: The literature search was conducted in November 2016. Potentially eligible trials were

identified by searching the Cochrane Central Register of Controlled Trials, MEDLINE, and EMBASE, using a
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combination of subject headings and text words. The Medline search strategy below was adapted as
appropriate for other databases: ((Cardiopulmonary Bypass) OR (Cardiac Surgery) OR (Coronary Artery
Bypass) OR (Extra Corporeal Circulation) OR (Perioperative Morbidity)) AND ((Near Infra-Red Spectroscopy)
OR (Oximetry) OR (Brain/Metabolism) OR (Cerebral Desaturation) OR (Cerebral Perfusion) OR (Cerebral
Ischemia) OR (Cerebral Oximetry) OR (Cerebral Saturation) OR (Near Infrared Oximetry) OR (Cognitive)).
Selection Criteria: Two reviewers (GFS, GJM) independently selected references for further assessment by
going through all titles and abstracts. Study selection was based on review of full-text articles for selected
references.

Outcomes: The primary outcome was 30 day or hospital all-cause mortality. Secondary outcomes (as
defined in the online supplement) included acute brain injury (stroke), myocardial infarction, severe acute
kidney injury, neurocognitive dysfunction, red cell transfusion, resource use charcaterised by length of stay
in the intensive car eunit and hospital, and serum S100B, a biomarker of brain injury.

Data Collection and Analysis: Two reviewers (FS, GIM) independently extracted study data. Risk of bias
assessments followed the Cochrane Handbook for Systematic Reviews of Interventions **. Risk ratios (RR)
were calculated for binary outcomes and the mean difference (MD) or the standardised mean difference
(SMD) for continuous outcomes. We explored heterogeneity within each meta-analysis using a Chi® test
with significance set at a P value of 0.10, and expressed the percentage of heterogeneity due to variation
rather than to chance as I°.*® Quantitative meta-analysis was performed when the I* was less than or equal
to 80%. A random-effects model was used for the primary analysis using Review Manager software .
These results were compared to the results of fixed effects models to assess for small study effects. The
range of point estimates for individual studies was presented when I> < 80%. Heterogeneity was explored
using subgroup analyses. Funnel plots were used to assess for publication bias. Sensitivity analyses

explored the robustness of our primary analysis to exclusion of studies at high risk of bias.
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Summary: GRADEpro software was used to prepare the ‘Summary of findings’ table. The overall quality of
the evidence for each outcome was judged according to the Grades of Recommendation, Assessment,

Development and Evaluation (GRADE) approach */.

Results

Description of Studies

Search Results: We identified a total of 17792 references through electronic searches of the Cochrane
Central Register of Controlled Trials (CENTRAL) (n=1347), MEDLINE (n=9924), EMBASE (n=6159), and the
Cumulative Index to Nursing and Allied Health Literature (CINAHL) Plus (n=362). From ClinicalTrials.gov, we
identified 18 trials that potentially met the inclusion criteria. We have shown the flow of search results in
Figure 1. We excluded 7909 duplicates, then 9820 clearly irrelevant references, by reading titles and
abstracts. No additional references were identified by reference searching. Of 79 study reports retrieved in
full text, we excluded 69 references for the reasons listed in Figure S1 in the online only digital supplement.
In total, 11 publications describing 9 randomised controlled trials fulfilled the inclusion and exclusion

10,18-25

criteria provided quantitative data for this review (Table S1 in the online only digital supplement). We

also included data from a recent trial undertaken by our own unit, the results of which are unpublished.?®

Description of excluded studies: Four trials that met our inclusion criteria were excluded after review of
the full manuscript (Table S2 in the online only digital supplement). There were two reports; an interim
analysis,”” and a post hoc analysis®® of a trial that was also reported in full.’® Another trial compared NIRS
values in on- versus of-pump CABG patients.”® A fourth trial by Dullenkopf and colleagues®® was reported in
the abstract as an RCT, however the randomisation of placing the NIRS sensors on either the right or left for
head and there was no clinical NIRS intervention versus a control comparison.

Included studies: Ten trials that evaluated NIRS based algorithms in patients undergoing cardiac surgery

were identified.’**%
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Participants: Overall, 1466 participants took part in the 10 trials included in the review. The average age of

participants in these trials ranged from 34.6 + 16.3 to 71 + 11.2 years and the proportion of females ranged

10,18-25

from 12.5% to 66% in the trials that provided this information. The proportion of post randomisation

withdrawals ranged from 0% to 4.11%. After withdrawal occurred, 1452 participants were included in the
guantitative meta-analyses in this systematic review. Five trials were conducted in patients undergoing
CABG only,''®*2224 3nd 5 trials were conducted in patients undergoing valve or CABG and valve surgery or

19,20,23,25,26

other cardiac surgical procedure. Further details of participants are listed in Table S1 in the online

only digital supplement.

Intervention: Cerebral NIRS values were measured with the INVOS (Somanetics Corporation, Troy, Ml) in 9
trials. In 1 trial™® three different devices were used; the INVOS, the FORE-SIGHT (CAS Medical Systems Inc.,

USA), EQUANOX Classic 7600 (Nonin Medical Inc., USA). In 2 trials the target NIRS values were >75% of

10,21 19,20,22,24
%.

baseline. In 3 trials the targets values were >80 In 1 trial the target NIRS values were greater

than an absolute NIRS value of 60% or >20% compared to the mean value during pulmonary artery catheter
insertion.? In 2 trials the target NIRS value was a combination of >80% of baseline or an absolute measure
> 50%.'%%* In 1 trial the target regional oxygen saturation values were specified as >70% of pre-induction

values or an absolute value of >50%.%° Seven trials used a version of the Murkin algorithm to optimise NIRS

10,18-21,23,24,26 22,25

values. Two studies used non-Murkin algorithms.

Control: All trials used standard (protocolised) care as the control group. In 7 trials NIRS values were

10,19-21,23,24,26 .
f. No trial

measured in the control group, although this was hidden from the clinical staf
considered an alternative patient specific goal directed algorithm.

25,26
In

Co-interventions: In 2 trials the Murkin algorithm was combined with a restrictive transfusion trigger.
these studies a pre-specified objective was to determine whether NIRS could be utilised as part of a patient

specific red cell transfusion indicator.
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Risk of bias in included studies

Risk of bias in individual trials is shown in Figure 2A, and the proportions of trials with low risk, unclear risk

and high risk of bias in each of the domains are shown in Figure 2B. Clinical personnel were not blinded in

any trial. However, 2 trials were considered at low risk of bias in every domain.?*?®

10,18,19,21,24-26

Sequence generation: Random sequence generation was adequate in 7 trials, and unclear in 2

20,23 | 22

trials. There was a high risk of bias for random sequence generation in 1 tria

10,18,19,21,24-26

Allocation: Allocation concealment was adequate in 7 trials, and unclear in 2 trials.”®* There

was a high risk of bias for random sequence generation in 1 trial.?

Blinding: Theatre staff were unblinded in all of the studies. There was evidence of blinding of patients and

20,22,25,26

clinical staff caring for patients postoperatively in 4 trials, and unclear evidence in 6

10,18,19,21,23,24 25,26

trials. Two trials reported the frequency of protocol compliance. In 8 trials non-compliance

was not monitored or not specified. There was evidence of blinding of outcome assessors in 5 trials

10,18,22,25,26 19-21,23,24

and unclear evidence of blinding of outcome assessors in 5 trials.

Incomplete outcome data: 6 trials reported completeness of follow-up for the primary

10,19,21,22,

outcome. 22 Of these, 5 trials reported <10% loss to follow-up, and 1 trial reported >10% loss to

follow-up.? Four trials that failed to report completeness of follow-up were considered to be at high risk of

attrition bias.*®2%%%*

Selective reporting: Only 1 of the 10 trials included in this review had a published trial protocol.”® Another
5 trials had reported details of primary and secondary outcomes in trial registries.’®?%**?* Of these, 3 trials

18,20,24

failed to report all the pre specified outcomes. The remaining trials were considered at high risk of

selective outcome reporting bias.

Source of funding bias: Sources of funding were reported in 6 trials. Of these 2 trials were funded by
independent sources. In 1 trial the study was supported in part by the NIRS device manufacturer and was

therefore considered at high risk of funding bias.'® Three studies that failed to report the source of funding

8
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were considered at uncertain risk of funding bias (Table 1).

Effects of intervention

The summary effect estimates for primary and secondary outcomes are described in Table 1, Figure 2, and
Figure S2 in the online only digital supplement.

Mortality: Four trials with 608 participants reported this outcome.'®?%*>%

There was no statistically
significant difference in mortality between NIRS versus controls; RR 0.76, 95% Cl 0.30 to 1.96; 1°=0%; Chi®

test for heterogeneity P value 0.92.

Stroke: Seven trials with 1138 participants reported this outcome.'%®923:2¢

There was no statistically
significant difference in the frequency of stroke between NIRS versus controls; RR 1. 08, 95% ClI 0.40 to
2.91; 12=0%; Chi2 test for heterogeneity P value 0.46.

1018192426 Thare was no

Myocardial infarction: Six trials with 1038 participants reported this outcome.
statistically significant difference in the frequency of myocardial infarction between NIRS versus controls;

RR 0.90, 95% Cl 0.43 to 1.89; 12=0%; Chi2 test for heterogeneity P value 0.86.

10.18,20,2426 Thare was no

Severe Acute Kidney injury: Six trials with 1064 participants reported this outcome.
statistically significant difference in the frequency of severe acute kidney injury between NIRS versus

controls; RR 0.88, 95% Cl 0.58 to 1.34; 12=0%,; Chi2 test for heterogeneity P value 0.89.

10182526 There was no

Red cell transfusion: Four trials with 744 participants reported this outcome.
statistically significant difference in the frequency of red cell transfusion between NIRS versus controls; RR

0.93,95% Cl 0.77 to 1.12; 12=51%; Chi2 test for heterogeneity P value 0.11.

10182526 There was no

Reoperation for Bleeding: Four trials with 744 participants reported this outcome.
difference in the frequency of reoperation for bleeding between NIRS versus controls; RR 1.11, 95% Cl 0.41

to 3.04; 12=0%; Chi2 test for heterogeneity P value 0.69.
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Neurocognitive testing and measuring neurocognitive dysfunction: Five trials that recruited 813 patients

18222426 One trial® reported only the incidence of delirium. Details of these trials are

reported this outcome.
listed in Table 2. The Consensus Statement for the Assessment of Neurocognitive function in Cardiac
Surgery®' recommends that that the following Core tests be performed at baseline and up to 3 months
post-surgery; the Rey auditory verbal learning test, the Trail-Making test Part A and Trail-Making Test Part
B, and the Grooved Pegboard test to assess the neurocognitive domains Attention, Verbal Memory and
Motor Coordination. The Consensus Statement defines cognitive decline as a difference for the individual
of >1SD from baseline, or a difference of >1SD between group means, with adjustment for baseline for at

least one test. There was significant heterogeneity for this outcome. Only 2 trials®*?®

measured cognitive
function as recommended by the consensus statement. Both trials reported no difference between the
groups for neurocognitive function. In 1 trial no test data was presented.” In the other®® there was a
significant difference between the groups for the Controlled Oral Word Association Test, which assesses
the domain Executive Function/ Verbal Fluency, however this is not a specified core domain in the
consensus statement. The three remaining trials used non-consensus testing protocols and non-consensus
definitions of neurocognitive decline, and only 1 tested patients at 3 months post-surgery. Because of the

degree of heterogeneity we did not perform meta-analyses of these outcome.

ICU LOS: Eight trials with 1051 participants reported this outcome,'%1820:223:2526

There were no statistically
significant differences in the duration of ICU stay between NIRS versus controls with moderate

heterogeneity; RR MD 0.00, 95% Cl -0.44 to 0.44; 1°=73%; Chi2 test for heterogeneity P value 0.0005.

Hospital LOS: Six trials with 761 participants reported this outcome.%*%-202225.26

Hospital LOS was less in the
NIRS group however this was not statistically significant; RR MD -0.45, 95% Cl -0.90 to 0.01; 1°=0%; Chi2 test

for heterogeneity P value 0.83.

$100B: Two trials reported this outcome in 138 patients.?"*

One trial with 40 participants measured S100B
pre- and postoperatively and reported a significant reduction in S100B in NIRS patients, MD -99.87, 95% ClI -

105.18 to -94.56. The time of the post-surgery sample was not reported. Another with 98 participants
10
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measured S100B preoperatively and at 4 post surgery time points; on return to ICU, and at 6, 12-24, 24-48
and 96 hours. There was no difference between the groups; Ratio of Geometric Means 1.06, 95% Cl (0.95,

1.19), p=0.29. No meta-analysis was performed due to the heterogeneity for this outcome.

Subgroup analyses

Results of these subgroup analyses for Murkin vs non- Murkin algorithms, CABG vs non CABG, and
assessment of neurocognitive function using tests described in a previous consensus statement are shown

in Table S3 in the online only digital supplement.

Publication Bias: A funnel plot of standard error versus risk ratio for the included outcomes showed an
asymmetrical distribution that indicated publication bias. However, since there was an insufficient number

of trials providing data (less than 10 studies identified for each outcome), we did not perform this analysis.
Sensitivity Analyses

Fixed effects models did not materially change the results of our primary analyses. We also conducted

sensitivity analyses in two trials identified as being at low risk of bias ***®

. These trials reported outcomes in
328 participants. Both trials incorporated restrictive red cell transfusion thresholds within the NIRS
algorithm. They reported no difference between NIRS and control groups for mortality: RR 0.67, 95% ClI
0.11 to 4.08; 12=0%; Chi2 test for heterogeneity P value 0.71; stroke: RR 3.0 95% Cl -0.32to 28.54; 12=0%;
Chi2 test for heterogeneity P value 1.00; myocardial infarction: RR 0.76, 95% ClI 0.17 to 3.41; 12=0%; Chi2
test for heterogeneity P value 0.66; severe acute kidney injury: RR 0.83, 95% Cl 0.44 to 1.54; 12=0%; Chi2
test for heterogeneity P value 0.42; reoperation for bleeding: RR 1.50, 95% Cl 0.48 to 4.62; 12=0%, Chi2 test
for heterogeneity P value 0.75; ICU length of stay: RR-0.03, 95% CI -0.69 to 0.62; 12=0%; Chi2 test for
heterogeneity P value 0.95 and hospital length of stay: RR -0.20, 95% Cl -1.29 to 0.89; 1’=0%; Chi* test for

heterogeneity P value 0.45. Analyses of these trials suggested that the use of NIRS based algorithms

resulted in reductions in red cell transfusion: RR 0.83, 95% Cl 0.71 to 0.98; 12=0%; Chi2 test for

11
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heterogeneity P value 0.52, One of these trials, the PASPORT trial reported the results of neurocognitive

assessments and concluded that there was no difference between NIRS and control groups.

GRADE Assessment
A summary of the main findings of the review are presented in Table 3. GRADE assessments of the results
were either Low or Very Low for all the outcomes, indicating a high likelihood that these conclusions may

be altered by subsequent trials.

12
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Discussion

Main Findings

A systematic review and meta-analysis of existing trials did not demonstrate clinical benefits attributable to
the use of personalised NIRS based algorithms during CPB. The use of NIRS did not result in reductions in
mortality, injury to the brain, heart or kidneys, or reductions in resource use. A qualitative review of studies
that had evaluated the effects of NIRS on neurocognitive function did not show clear evidence of benefit.
An analysis of two trials at low risk of bias where NIRS was applied along with a restrictive red cell
transfusion threshold demonstrated a reduction in red cell transfusion with this approach, with no
difference between NIRS treated and controls with respect to clinical outcomes or resource use. Overall the

GRADE quality of the evidence was low or very low for all of the outcomes measured.

Strengths and weaknesses

This is the most comprehensive evaluation of NIRS based patient specific goal direct algorithms in cardiac
surgery to date. The results supersede those of a previous quantitative review of NIRS in cardiac surgery
that considered randomised (2 studies) and observational analyses (27 studies).?> Our searches also
identified a Cochrane review protocol with similar aims however the results of this review have yet to be
published.®* The current review used comprehensive search strategies in a wide range of registries and
data sources, had access to the full texts of all identified trials, used contemporary risk of bias assessments
(GRADE), and assessed a wide range of outcomes after cardiac surgery. The main limitation of the review is
that we did not have access to all of the source data. Although additional unpublished information was also
obtained from three authors and included in the meta-analysis we realise that consistent analyses of all
studies can only be done when data on individual patients are combined. In addition, the review identified
important limitations of existing data; all of the 10 RCTs had limitations in terms of methodological quality.
The risk of procedural bias was high in these trials as there was no blinding of clinical personnel.
Furthermore only two from 10 trials attempted to define the likelihood of procedural bias by describing the

degree of protocol adherence. The reporting of outcomes was also heterogeneous between trials limiting
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the number of studies that could be included in each outcome. This was most evident for the outcome
cognitive function. Many trials did not report important clinical outcomes; such as death, although it is
highly likely that this outcome was measured. Furthermore, in many cases although the trial report stated
that important assessments had been made, particularly with respect to the testing of cognitive function,
the results of these assessments were not reported. Despite these limitations the results were remarkably
consistent, with low or no heterogeneity for all of the analyses, all of which suggested that there are no

clinical benefits attributable to the use of NIRS based algorithms.

Clinical Importance
NIRS technology and NIRS based algorithms are used in cardiac surgery centres worldwide, although there

is clear evidence of equipoise with respect to the clinical benefits this technology.***

The results presented
here do not support the hypotheses that the use of NIRS may reduce brain injury,® or by using the brain as
the index organ, reducing injury to the heart or kidneys as the result of improved overall perfusion.’ It is
possible that our results are attributable to chance; our GRADE assessment of the systematic review results
was very low for all the pre-specified outcomes, indicating a high likelihood that these conclusions may be
altered by subsequent trials. There was almost no heterogeneity for these outcomes, however, and these

findings were consistent with the results of the PASPORT trial.?®

This multicentre trial recruited a larger
cohort than almost all the previous trials, was at low risk of bias, and demonstrated no benefit for NIRS

based algorithms for a range of outcomes including cognitive function, and biomarkers of myocardial, renal

and neurological injury. *°

Our systematic review indicated that the combination of NIRS and a restrictive transfusion threshold
resulted in a reduction in red cell transfusion, without any difference between NIRS treated patients and
controls with respect to clinical outcomes or resource use. This may be interpreted as showing that NIRS
may be used safely to implement restrictive transfusion thresholds. These findings must be interpreted

with caution however, these 2 trials enrolled only 387 patients, clinical staff were not blinded to group
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allocation in these trials, and endpoints such as red cell transfusion are susceptible to performance bias. A
final consideration is that the review did not identify any trial in paediatric cardiac surgery, a common
setting for the use of these devices, and thus has identified a knowledge gap with respect to the utility of

this intervention in these patients.

Conclusions

Existing evidence suggests that the use of NIRS based patient specific algorithms that aim to optimise
cerebral oximetry do not result in reductions in mortality, major morbidity or resource use in adult cardiac
surgery. Assessment of the quality of the evidence indicates that there is a need for further randomised
trials at low risk of bias to assess the clinical utility of NIRS in both adult and paediatric cardiac surgery.

Future studies should be powered to assess the effect of NIRS on important clinical outcomes.
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Figure. S1 PRISMA Flowchart of included studies
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Figure S2: Effects of using NIRS on Bleeding, Transfusion and Time to discharge from ICU or Hospital.
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ABSTRACT

Background: Organ injury attributable to cardiopulmonarybypass is a major cause of morbidity, mortality
and resource use in cardiac surgery patients. Regional tissue hypoxia during CPB has been implicated in
perioperative organ injury. It has been suggested that goal directed patient specific optimisation of regional
(brain) tissue hypoxia measured using Near Infra-Red Specroscopy (NIRS) may reduce the frequency of
brain injury. Other investigators have suggested that cerebral NIRS based algorithsm may have utility for
the protection of other organs, or a part of a restricitive red cell transfusion protocol.

Objectives: Our primary objective is to establish whether the use of perioperative goal directed
interventions that aim to optimise cerebral Near Infrared Spectroscopy readings result in reductions in
measures of cerebral injury (neurocognitive function, serum biomarkers), injury to other organs including
the heart and brain, transfusion rates, mortality and resource use.

Search methods: We will conduct the search in October 2015. Potentially eligible trials will be identified by searching
the Cochrane Central Register of Controlled Trials, MEDLINE , and EMBASE, using a combination of subject headings
and text words to identify relevant trials. The Medline search strategy below will be adapted as appropriate for other
databases.

((Cardiopulmonary Bypass) OR (Cardiac Surgery) OR (Coronary Artery Bypass) OR (Extra Corporeal Circulation)OR(
Perioperative Morbidity)) AND ((Near Infra-Red Spectroscopy) OR (Oximetry) OR (Brain/Metabolism)OR(Cerebral
Desaturation)OR(Cerebral Perfusion)OR(Cerebral Ischemia)OR(Cerebral Oximetry)OR(Cerebral Saturation)OR(Near
Infrared Oximetry)(Cognitive)).

Selection Criteria: Two review authors will independently select references for further assessment by going
through all titles and abstracts. Further selection will be based on review of full-text articles for selected
references.

Data Collection and Analysis: Two review authors will independently extract study data. We will calculated
the risk ratio (RR) with 95% confidence interval (Cl) for binary outcomes and the mean difference (MD) or
the standardised mean difference (SMD) with 95% Cl for continuous outcomes. We will perform meta-
analysis when possible, when I2 is less than or equal to 80% using a fixed-effect or random-effects model,

using Review Manager software. The range of point estimates for individual studies will be presented when
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I> > 80%. Heterogenity will be explored using subgroup analyses. Sensitivity analyses will explore the
robustness of our primary analysis to exclusion of studies at high risk of bias.

Summary: We will use GRADEpro software to prepare the 'Summary of findings’table. We will judge the
overall quality of the evidence foreach outcome as ‘high,” ‘moderate,” ‘low’ or ‘very low’ accordingto the

GRADE (Grades of Recommendation, Assessment, Developmentand Evaluation) approach.

BACKGROUND

Organ injury is a common and severe complication of cardiac surgery with cardiopulmonary bypass (CPB),
where it contributes to mortality, morbidity and the increased use of hospital resources [1]. In a recent trial
where data on organ dysfunction was prospectively collected clinically significant kidney, lung and
myocardial injury occurred in 34%, 16% an 11% of all patients and contributed to 41%, 36% and 24% of all
deaths respectively [2]. The pathophysiology of CPB associated morbidity is multifactorial but is thought to
involve regional hypoperfusion and tissue hypoxia [3, 4], often within vascular beds which are already
abnormal due to advanced age or comorbidities such as diabetes [5, 6]. Adequate tissue oxygen delivery
during CPB is achieved by optimisation of several parameters including CPB pump flows, perfusion
pressure, haematocrit and the oxygen saturation of arterial blood. In contemporary clinical practice in adult
cardiac surgery, the adequacy of perfusion is determined by the use of global measures of oxygen
utilisation such as the mixed venous oxygen saturation (SvO2) or evidence of tissue hypoxia as implied by
elevated serum lactate, a marker of cell anaerobic metabolism, or other indicators of metabolic acidosis [7].
However, in some patients, particularly those with pre-existing end organ dysfunction, global measures
may not detect regional hypoxia and it has been suggested that measures of regional or tissue specific

measures of oxygenation may have greater clinical utility [8-11].

The Intervention
Direct measures of regional tissue oxygen levels such as gastric tonometry, laser Doppler flowmetry of the
intestinal mucosa, or cerebral venous oxygen saturation using jugular bulb catheters, can be used to

measure and optimise tissue oxygenation but these modalities are invasive, which limits their use. More
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recently, Near Infra-red Spectroscopy (NIRS) has emerged as a technique to monitor regional tissue
oxygenation non-invasively and accurately with the added benefit that it can accurately measure tissue
oxygenation in one of the most important end organs, the brain. NIRS sensors, when applied to the
forehead, can determine the relative saturation / desaturation of blood within the cerebral arterioles and
venules of the forebrain. Sas the total volume of blood is domintaed by th enemous compartment this
measure is considered to accurately reflect cerebral venous oxygen saturation [12, 13] and is now approved
as a non-invasive measure of regional cerebral oxygenation by the Medicines and Healthcare Products
Regulatory Agency (MHRA). Early clinical studies suggested that the use of this technoliogy to optimise
cerebral oxygenation during CPB have shown that optimisation of cerebral oxygenation using NIRS can be
associated not only with reduced neurological morbidity but also with a reduction in renal complications
and other major adverse clinical events [14-16]. However in the absence of high quality evidence there is

uncertainty as to the efficacy or cost effectiveness of this device and there is wide variation in its use [ ].

Indications for red blood cell transfusion during cardiac surgery

Cerebral oximetry may also be used during CPB to develop goal-directed, patient-specific indicators of the
need for red blood cell (RBC) transfusion if used as part of a wider algorithm designed to optimise cerebral
oxygenation. The primary goal of RBC transfusion is to optimise tissue oxygenation. Currently, most RBC
transfusions are given solely as a response to a haematocrit that has fallen below an arbitrary threshold
and not as a response to incipient tissue hypoxia [18, 19]. The haematocrit is a poor indicator of regional
tissue hypoxia and, therefore, is inadequate as an indicator of the need for transfusion.The haematocrit
below which oxygen delivery to tissues is reduced such that anaerobic metabolism occurs is known as the
critical Haematocrit (Hcrit). In healthy human adults very low haematocrits of less than 15 can cause organ
hypoxia [9, 11] and transfusion in such cases is thought to be beneficial [20, 21]. The Hcrit for patients
during cardiac surgery, however, is unclear. It is thought to be higher than 15, as most patients are elderly
and have comorbid conditions, but it is also likely that the Hcrit varies considerably both between cardiac
patients as well as for individual patients over the course of the perioperative period [22]. Hcrit is increased

by conditions which impair autoregulation such as diabetes or increased age [5, 6] and during CPB, Hcrit is
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also affected by multiple factors that affect the balance of oxygen supply and oxygen demand such as
hypothermia, re-warming, pump flow or perfusion pressure [23]. Uncertainty about when an individual
may benefit from a transfusion is reflected in the wide range in reported haematocrit transfusion
thresholds used during CPB (from 17-25) [24-26] as well as the wide variation in transfusion rates in cardiac
surgical patients across units in the United Kingdom (UK) (35-75%) [27]. Because the Hcrit for any
particular patient at any given time is unknown, the ability to directly measure tissue oxygenation and
therefore incipient tissue hypoxia may have distinct advantages over the use of generic and pre-specified

haematocrit transfusion thresholds.

How the intervention might work

Existing protocols to optimise tissue oxygenation during CPB deploy manipulations of CPB (according to
levels of blood markers such as lactate or pH) and the transfusion of RBC (according to the haematocrit).
These methods are often treated independently of each other, and in the case of trandsfusion commonly
guided by protocolised thresholds, despite the fact that both have the underlying aim of improving tissue
oxygenation [7].

In contrast the patient-specific algorithm differs from the standard care in two key ways. First it is ‘goal-
directed’, in that the algorithm is specifically targeted to maintain cerebral oxygen delivery during CPB
(monitored by NIRS), a measure of regional rather than global tissue hypoxia. Second it allows the
manipulation of multiple variables to optimise regional oxygenation for individual patients. This represents
a form of personalised medicine. The most widely cited patient-specific algorithm developed by Murkin and
colleagues [28] aims to optimise the cerebral oxygen supply / demand balance during CPB by: (a) increasing
oxygen supply using hyperoxygenation, increased pump flow, perfusion pressure or hypercapnic cerebral
vasodilation, (b) Increasing oxygen offloading by the use of nitrates, or (c) reducing oxygen demand by
deepening anaesthesia. Cerebral oxygen saturations approaching a low threshold in the presence of
anaemia (a haematocrit of between 18 and 23) and despite optimisation of other parameters suggest that
the cerebral Hcrit is about to be reached and transfusion is indicated. Therefore, this algorithm is patient

and time specific and goal-directed to optimise a validated objective measure of tissue oxygenation. This
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should potentially reduce healthcare costs associated with complications attributable to tissue hypoxia

during CPB or to unnecessary allogeneic RBC transfusions.

Why is it important to do this review

Numerous studies have reported the incidence of postoperative neurocognitive decline around 50% [29,
30]. Central venous oxygen desauration is common following cardiac surgery and this has been implicated
in cognitive decline [3, 4]. Multiple studies have evaluated the efficacy of NIRS based algorithms that allow
optimisation of cerebral saturation. Although some of these studies have been reported as positive [8]
overall these results of these studies have been have been inconclusive, and no recent systematic review
has attempted to summarise the available evidence. The use of this technology is variable and there is
evidence of equipoise as to its effectiveness. To resolve this uncertainty we propose to undertake a

systematic review and meta-analysis of the available evidence from RCTs.

OBIJECTIVES

(1) To establish whether the use of perioperative goal directed interventions that aim to optimise cerebral
Near Infrared Spectroscopy readings result in reductions in measures of cerebral injury (neuroscogitive
function, serum biomarkers), morbidity, mortality and resource use.

(2) Does the use of perioperative goal directed interventions that aim to optimise cerebral Near Infrared

Spectroscopy readings result in reductions in red cell transfusion, non red cell transfusion, or bleeding.

METHODS

Types of Studies

Randomized controlled trials irrespective of blinding, language, publication status, date of publication and
sample size.

Types of Participants

Patients undergoing cardiac surgery for acquired or congenital disease, or aortovascular disease with or

without cardiopulmonary bypass. No age restriction will be applied. There are no exclusion criteria.
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Types of Interventions

Intervention: Goal directed NIRS algorithm.

Comparator /control: An untread group, or alternative (non NIRS based) goal directed therapy.

Types of Outcome Measure

Primary outcomes:

Mortality: 30 day or hospital all-cause mortality.

Secondary outcomes:

1
2.
3.
4
5

7.
8.
9.

Acute brain injury; stroke, TIA as defined by study authors.

Low cardiac output as defined by study authors.

Myocardial Infarction as defined by study authors.

Acute kidney Injury Stage 3 [32] or requiring haemofiltration as defined by study authors.
Neurocognitive function; group means as described by neurocognitive tests. Tests recommended
by a consensus statement to test all key domains of cognitive function [33] are marked with *.
Studies will be categorised as Yes/ No as to whether they have assessed the key domains described
in the Consensus Statement. Key domians [ ] that may be assessed are as follows

o Attention: Sustained and divided attention: Consensus statements reccomend the Trail-

Making Test parts A* and B* [35, 36].

J Verbal memory: Consensus statements reccomend the RAVLT and Rey Auditory Verbal
Learning Test* [36]

J Visuo-spatial: as the Block Design from the Wechsler Adult Intelligence Scale [37]

. Psychomotor speed: Consensus statements reccomend tests such the Digit Symbol Test
from the Wechsler Adult Intelligence Scale [37]

o Executive function/Verbal fluency: Consensus statements reccomend tests such the
Controlled Oral Word Association Test [38]

J Motor coordination: Consensus statements reccomend tests such the Grooved Pegboard
Test*, dominant and non-dominant hand [33].

Neurocognitive dysfunction, as a dichotomous outcome reported by the study authors; A
consensus definition is a change in a single test of >1 SD. This may be defined as change in a group
mean (adjusted for baseline) or for individual patients [39]. Studies will be categorised as defining
cognitive dysfunction using a Consensus versus a non-Consensus definitions.

Risk of receiving blood transfusion as defined by study authors.

Reoperation for bleeding as defined by study authors.
Resoiurce Use: ICU and hospital LOS as defined by study authors.

10. S100B levels as reported by study authors.
Search methods for identification of studies
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Potentially eligible trials will be identified by searching the Cochrane Central Register of Controlled Trials,
MEDLINE , and EMBASE, using a combination of subject headings and text words to identify relevant trials.
The Medline search strategy below will be adapted as appropriate for other databases.

((Cardiopulmonary Bypass) OR (Cardiac Surgery) OR (Coronary Artery Bypass) OR (Extra Corporeal
Circulation)OR( Perioperative Morbidity)) AND ((Near Infra-Red Spectroscopy) OR (Oximetry) OR
(Brain/Metabolism)OR(Cerebral Desaturation)OR(Cerebral Perfusion)OR(Cerebral Ischemia)OR(Cerebral
Oximetry)OR(Cerebral Saturation)OR(Near Infrared Oximetry)(Cognitive)).

To identify ongoing or unpublished trials we will also search the Clinicaltrials.gov using the following search
terms:

Search terms: Randomized

Study Type: Interventional Studies

Conditions: Cardiac surgery OR Cardiopulmonary bypass

Interventions: Near Infra-Red Spectroscopy OR Near Infrared Oximetry OR Cerebral Desauturation

We will also examined the reference lists of eligible trials and reviews. Searches will not be restricted by
language or publication status.

Data Collection and Analysis

The review will be performed in accordance with instructions given in the Cochrane Handbook for
Systematic Reviews of Interventions (Higgins 2011).

Selection of Studies

Two reviewers GJM, GFS will identify trials for inclusion independently of each other. Exluded studies and
the reason for exclusion will be recorded.

Data extraction (selection and coding)

Two authors will independently screen the search output to identify records of potentially eligible trials
examining the outcomes, the full texts of which will be retrieved and assessed for inclusion.

A standardised form will be used to extract data from the included studies for assessment of study quality
and evidence synthesis. Extracted information will include:

e Year and language of publication
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e Country of Particiapnt recruitment
e Year of conduct of the trial
e Study setting; university teaching hospital, non universityteaching hospital
e Study population; inclusion and exlusion criteria
e Sample size
e Participant demographics
e Baseline characteristics
e Type of surgery
e Details of NIRS algorithm (Murkin, non Murkin [41])
e Deatails of Comparator; non NIRS goal directed therapy, standard care (protocolised care)
e QOutcomes and times of measurement
¢ Information for assessment of the risk of bias.
Two review authors will extract data independently, discrepancies will be identified and resolved through

discussion (with a third author where necessary). Missing data will be requested from study authors. If
there is doubt as to whether trials share participiants completely or partially (with common authors and
centres) we will contact the study authors to ascertain whether the studt report has been duplicated.
Risk of Bias
The following bias risk domains will be assessed as Low, Uncertain, or High based on the instructions given
in the in the Cochrane Handbook for Systematic Reviews of Interventions [42];

e Sequence Generation

e Allocation Concealment

e Blinding of participant, personnel

e Blinding of outcome Assessors

e Incomplete outcome data

e Selective outcome reporting

e Source of funding bias
Trials will be classified as having a low risk of bias if they are graded as being at low risk of bias in all of
these domains.
Two review authors will independently assess the risk of bias in all of the studies. Discrepancies will be
resolved by discussion with a third author.
Assessment of Reporting Bias
Publication bias will be assessed by the visual assessment of funnel plots and Eggers test [44].
Measures of treatment Effect

For dichotomous variables, we will calculate the risk ratio (RR) with 95% confidence interval (Cl). For

continuous variables, we will calculate the mean difference (MD) with 95% Cl for outcomes such as hospital
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stay, and standardised mean difference (SMD) with 95% Cl for quality of life (when different scales were
used).

Dealing with missing data

We will perform an intention-to-treat analysis where possible. For dichotomous data presented only as
percentages we will estimate frequencies using reported sample sizes for this outcome. For continuous
outcomes if the mean and the standard deviation were not available from the trial report, we will seek this
information from the trial authors. If this information is still not available, we will calculate the mean and
standard deviation from median (interquartile ranges) using the software available in Review Manager
Version 5.

Assessment of Heterogeneity

We anticipate that major sources of clinical heterogeneity will be associated with different patient groups
(adults, children, congenital versus acquired disease), the use of different goal directed NIRS algorithms,
the use of co-interventions such as restrictive transfusion thresholds, and differences in the methodology
used to assess neurocognitive dysfunction. We will explore heterogeneity within each meta-analysis using a
Chi? test with significance set at a P value of 0.10, and we expressed the percentage of heterogeneity due
to variation rather than to chance as I [45].We defined heterogeneity as follows:

120-40%: no or mild heterogeneity

12 40-80%: moderate heterogeneity

12> 80%: sever heterogeneity

In the presence of severe heterogeneity meta-analysis will not be performed.

Data Synthesis

Meta-analyses will be performed using the software package Review Manager version 5.2 and in
accordance with the recommendations of the Cochrane Handbook for Systematic Reviews of Intervention
[46].

For the primary analysis we will compare the results of a random-effects model versus a fixed effects model

to assess the effects of small studies. For continuous outcomes, we will pool mean differences or
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standardised mean differences by using the inverse variance method. We will use the generic inverse
variance method to pool hazard ratios.

Subgroup Analyses

Subgroup analyses will be performed in trials in which the Murkin algorithm [41] was used to guide goal
directed therapy versus those that did not, and by participant group; CABG versus non CABG, adults versus
children, assessment of neurocognitive function that incorporates test described in a previous consensus
statement, and studies that combined the NIRS algorithm with a restrictive red cell transfusion trigger. Test
for sub-group differences with Review Manager will be used with a P value of <0.05 considered statistically
significant.

Sensitivity Analyses

Sensitivity analysis will exclude trials with unclear or high risk of bias for random sequence generation;
unclear or high risk of bias due to lack of blinding of participants, healthcare providers or outcome
assessors, and unclear or high risk of bias due to incomplete outcome data, and unclear of high risk of bias
for source of funder.

Summary of findings

We will presentthe main results of the review in a ‘Summary of findings’ table. We will include the follwing

outcomes.

Risk of mortality

Risk of stroke, myocardial infarction, or severe acute kidney injury
Risk of red cell transfusion

Neurocognitive Impairment

e Resource Use; ICU and hospital length of stay.

We will use GRADEpro software to prepare the 'Summary of findings’table. We will judge the overall quality
of the evidence foreach outcome as ‘high,” ‘moderate,” ‘low’ or ‘very low’ accordingto the GRADE (Grades
of Recommendation, Assessment, Developmentand Evaluation) approach [46].We will consider the
following.

e Impact of risk of bias of individual trials.

e Precision of pooled estimate.lnconsistency or heterogeneity (clinical, methodological and
statistical).
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e Indirectness of evidence.
e Impact of selective reporting and publication bias on effect estimate.

e COMPETING INTERESTS

The authors declare that they have no competing interests.
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PRISMA Checklist:Efficacy of Near-Infrared Spectroscopy on the outcome of patients undergoing cardiac surgery: a systematic review of randomised

trials.

Authors: GF Serraino, GJ Murphy

Section/topic

Checklist item

Reported on page #

TITLE
Title Identify the report as a systematic review, meta-analysis, or both. 1
Structured summary Provide a structured summary including, as applicable: background; objectives; 2
data sources; study eligibility criteria, participants, and interventions; study
appraisal and synthesis methods; results; limitations; conclusions and
implications of key findings; systematic review registration number.
Rationale Describe the rationale for the review in the context of what is already known. 4
Objectives Provide an explicit statement of questions being addressed with reference to 4
participants, interventions, comparisons, outcomes, and study design (PICOS).
Protocol and Indicate if a review protocol exists, if and where it can be accessed (e.g., Web 4
registration address), and, if available, provide registration information including registration
number.
Eligibility criteria Specify study characteristics (e.g., PICOS, length of follow-up) and report 5
characteristics (e.g., years considered, language, publication status) used as
criteria for eligibility, giving rationale.
Information sources Describe all information sources (e.g., databases with dates of coverage, contact | 4

with study authors to identify additional studies) in the search and date last
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Section/topic # Checklist item Reported on page #

searched.

Search 8 | Present full electronic search strategy for at least one database, including any 4
limits used, such that it could be repeated.

Study selection 9 | State the process for selecting studies (i.e., screening, eligibility, included in 5
systematic review, and, if applicable, included in the meta-analysis).

Data collection process | 10 | Describe method of data extraction from reports (e.g., piloted forms, 5
independently, in duplicate) and any processes for obtaining and confirming
data from investigators.

Data items 11 | List and define all variables for which data were sought (e.g., PICOS, funding 5
sources) and any assumptions and simplifications made.

Risk of bias in individual | 12 | Describe methods used for assessing risk of bias of individual studies (including 5

studies specification of whether this was done at the study or outcome level), and how
this information is to be used in any data synthesis.

Summary measures 13 | State the principal summary measures (e.g., risk ratio, difference in means). 5

Synthesis of results 14 | Describe the methods of handling data and combining results of studies, if done, | 5
including measures of consistency (e.g., I’) for each meta-analysis.

Risk of bias across 15 | Specify any assessment of risk of bias that may affect the cumulative evidence 5

studies (e.g., publication bias, selective reporting within studies).

Additional analyses 16 | Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, 6
meta-regression), if done, indicating which were pre-specified.

Study selection 17 | Give numbers of studies screened, assessed for eligibility, and included in the 6
review, with reasons for exclusions at each stage, ideally with a flow diagram.
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Study characteristics 18 | For each study, present characteristics for which data were extracted (e.g., study | 6
size, PICOS, follow-up period) and provide the citations.

Risk of bias within 19 | Present data on risk of bias of each study and, if available, any outcome-level 8

studies assessment (see ltem 12).

Results of individual 20 | For all outcomes considered (benefits or harms), present, for each study: (a) 9

studies simple summary data for each intervention group and (b) effect estimates and
confidence intervals, ideally with a forest plot.

Synthesis of results 21 | Present results of each meta-analysis done, including confidence intervals and 10
measures of consistency.

Risk of bias across 22 | Present results of any assessment of risk of bias across studies (see Item 15). 11

studies

Additional analysis 23 | Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, | 11
meta-regression [see Item 16]).

Summary of evidence 24 | Summarize the main findings including the strength of evidence for each main 12
outcome; consider their relevance to key groups (e.g., health care providers,
users, and policy makers).

Limitations 25 | Discuss limitations at study and outcome level (e.g., risk of bias), and at review 13
level (e.g., incomplete retrieval of identified research, reporting bias).

Conclusions 26 | Provide a general interpretation of the results in the context of other evidence, 14
and implications for future research.

Funding 27 | Describe sources of funding for the systematic review and other support (e.g., 15
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supply of data); role of funders for the systematic review.
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