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Abstract 

Background:  Cardiac surgery with cardiopulmonary bypass (CPB) is associated with a systemic inflammatory syn-
drome that adversely impacts cardiopulmonary function and can contribute to prolonged postoperative recovery. 
Intra-operative ultrafiltration during CPB is a strategy developed by pediatric cardiac specialists, aiming to dampen 
the inflammatory syndrome by removing circulating cytokines and improving coagulation profiles during the cardiac 
operation. Although ultrafiltration is commonly used in the pediatric population, it is not routinely used in the adult 
population. This study aims to evaluate if randomized evidence supports the use of continuous intra-operative ultrafil-
tration to enhance recovery for adults undergoing cardiac surgery with CPB.

Methods:  This systematic review and meta-analysis will include randomized controlled trials (RCT) that feature 
continuous forms of ultrafiltration during adult cardiac surgery with CPB, specifically assessing for benefit in mortality 
rates, invasive ventilation time and intensive care unit length of stay (ICU LOS). Relevant RCTs will be retrieved from 
databases, including MEDLINE, Embase, CENTRAL and Scopus, by a pre-defined search strategy. Search results will be 
screened for inclusion and exclusion criteria by two independent persons with consensus. Selected RCTs will have 
study demographics and outcome data extracted by two independent persons and transferred into RevMan. Risk of 
bias will be independently assessed by the Revised Cochrane Risk-of-Bias (RoB2) tool and studies rated as low-, some-, 
or high- risk of bias. Meta-analyses will compare the intervention of continuous ultrafiltration against comparators 
in terms of mortality, ventilation time, ICU LOS, and renal failure. Heterogeneity will be measured by the χ2 test and 
described by the I2 statistic. A sensitivity analysis will be completed by excluding included studies judged to have a 
high risk of bias. Summary of findings and certainty of the evidence, determined by the GRADE approach, will display 
the analysis findings.

Discussion:  The findings of this systematic review and meta-analysis will summarize the evidence to date of con-
tinuous forms of ultrafiltration in adult cardiac surgery with CPB, to both inform adult cardiac specialists about this 
technique and identify critical questions for future research in this subject area.
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Background
Cardiac surgery utilizing cardiopulmonary bypass (CPB) 
produces an inflammatory syndrome due to blood pass-
ing through an artificial extracorporeal circuit [1]. The 
primary mechanism is thought to be complement acti-
vation through the alternate pathway, which culminates 
in cytokine activation, leukocyte extravasation and, ulti-
mately, tissue edema, and dysfunction [1, 2]. Clinically, 
this systemic inflammatory reaction can feature postop-
erative myocardial suppression, parenchymal lung injury, 
and systemic vasodilation, which can prolong intensive 
care needs and delay recovery [3].

In the early 1990s, pediatric cardiac surgeons devel-
oped intra-operative ultrafiltration to dampen this 
inflammatory syndrome associated with cardiopulmo-
nary bypass [4]. This technique featured a membrane 
with pores that allow fluid and substances less than 
65 kDa, including a broad profile of inflammatory media-
tors, to be removed from the patient’s circulation. Mul-
tiple ultrafiltration types were developed, which can be 
characterized by being continuous or non-continuous. 
Continuous forms of ultrafiltration are utilized through-
out the entire cardiopulmonary bypass time and include 
zero-balance ultrafiltration (ZBUF), dilutional ultrafiltra-
tion (DUF), and subzero ultrafiltration (SBUF). Non-con-
tinuous forms of ultrafiltration are utilized at the end of 
CPB or after completion of CPB, including conventional 
ultrafiltration (CUF), modified ultrafiltration (MUF), and 
simplified modified ultrafiltration (SMUF). Various tech-
niques can also be combined, for example, ZBUF-MUF. 
In the pediatric literature, there is some evidence that 
high-intensity continuous forms of ultrafiltration can 
reduce ventilation time and intensive care length of stay, 
while non-continuous forms such as MUF reduce bleed-
ing complications and transfusion requirements [4].

In the late 1990s, adult cardiac surgeons also began to 
examine the benefits of intra-operative ultrafiltration. A 
systematic review and meta-analysis of non-continuous 
forms of ultrafiltration in adult cardiac surgery concluded 
there is a significant reduction in bleeding complications, 
which matches the pediatric literature [5]. However, 
there has not been a systematic review of the clinical 
benefits of all high-intensity continuous forms of ultra-
filtration, despite there being suggestions in the pediatric 
literature of reducing ventilation time and intensive care 
unit length of stay. This review aims to assess the current 
level of evidence, through randomized control trials, for 

continuous ultrafiltration forms on improving postop-
erative clinical outcomes for adults undergoing cardiac 
surgery.

Methods
The design and protocol of this systematic review and 
meta-analysis are derived from the Cochrane Hand-
book’s guidelines for Systematic Reviews of Interven-
tions and reports using the Preferred Reporting Items 
for Systematic Reviews and Meta-analyses Protocols 
(PRISMA-P) [6, 7]. Please see Additional file  1 for a 
completed PRISMA-P checklist. This protocol is regis-
tered in the PROSPERO database under the identifier 
CRD42020219309.

Data sources
An information specialist (LB) developed the search 
strategy in MEDLINE (Ovid MEDLINE All) and subse-
quently translated it to Embase (Elsevier), the Cochrane 
Central Registry of Controlled Trials (CENTRAL) 
(Wiley), and Scopus (Elsevier). The search strategy was 
designed to capture as much relevant literature as pos-
sible, including search terms related to continuous and 
non-continuous forms of ultrafiltration. Key search terms 
in the title, abstract, and keywords were as follows: car-
diopulmonary bypass, ultrafiltration, zero-balance, dilu-
tional, subzero, and conventional. The full search strategy 
in MEDLINE is provided in Additional file 2. Registered 
RCTs in progress will be captured by the search of CEN-
TRAL, which encompasses major trials registers such as 
ClinicalTrials.gov. The reference lists of all included stud-
ies will be screened for additional relevant resources and 
a forward search for records citing the included studies 
will be executed using Scopus.

Study types
Only randomized controlled trials (RCTs) published in 
English or another language will be assessed for inclu-
sion. All other study designs will be excluded.

Participants
The participants will be men or women of age greater 
than 18 undergoing cardiac surgery requiring cardio-
pulmonary bypass. The type of adult cardiac surgery 
includes, but is not limited to, coronary bypass surgery, 
valvular surgery, concomitant coronary-valve surgery, 
and aortic surgery; no type of adult cardiac surgery will 

Systematic review registration:  This systematic review and meta-analysis is registered in PROSPERO CRD42​02021​
9309 (https://​www.​crd.​york.​ac.​uk/​prosp​ero/​displ​ay_​record.​php?​ID=​CRD42​02021​9309). 
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be excluded. Patients under 18 years of age undergoing 
congenital heart surgery will be excluded.

Intervention
The intervention will be any type of continuous intra-
operative ultrafiltration therapy used through the CPB 
time. This includes conventional ultrafiltration (CUF), 
zero-balance ultrafiltration (ZBUF), dilutional ultrafil-
tration (DUF), and subzero ultrafiltration (SBUF) as well 
as combination techniques such as ZBUF with MUF 
(ZBUF-MUF). These techniques can be considered suffi-
ciently similar, in terms of clinical outcomes of interests, 
for the purposes of this analysis. Non-continuous forms 
of ultrafiltration, such as MUF alone, will be excluded.

Comparators
The comparator will be a non-intervention control, such 
as CPB without ultrafiltration or a comparison to another 
type of non-continuous ultrafiltration. MUF is used for a 
short time after the patient is weaned from CPB and is 
therefore considered non-continuous. CUF used only 
during the rewarming portion of CPB is also considered 
a non-continuous form of ultrafiltration as it is not uti-
lized throughout the entire CPB time. We consider con-
tinuous and non-continuous forms of ultrafiltration to be 
sufficiently different, in terms of physiological and related 
clinical outcomes of interest for this analysis.

Outcomes
The primary outcome will be operative mortality (death 
during the same hospitalization as cardiac operation or 
within 30 days of operation). Secondary outcomes will 
be invasive ventilation time (hours), intensive care unit 
length of stay (ICU LOS) (hours), the incidence of renal 
failure, stroke, sternal wound infection, pneumonia, 
bleeding complications, and patient-reported outcomes 
of recovery.

Study selection
JB and DH will independently screen the titles and 
abstracts identified by searches, for possible study inclu-
sion, through Covidence [8]. A third party (RS) will 
arbitrate any disagreement. Full-length publications of 
candidate studies will be acquired. JB and DH will inde-
pendently screen the full texts to identify the RCTs that 
meet inclusion criteria; the Cochrane Study Collection 
form will be completed and is included in Additional 
file 3. We will record reasons for exclusion of the study. A 
third party (RS) will arbitrate any disagreement. This pro-
cess will be documented using a PRISMA flow-chart [7].

Data extraction
JB and DH will independently extract data from eli-
gible studies by hand using the Cochrane Study Col-
lection Form (see Additional file  3). Data will include: 
authors, publication date, randomization method, blind-
ing, patient demographics (sex and mean age), surgical 
risk (low risk defined by STS or EuroScore II mortality 
risk score < 4 and moderate or high risk defined by STS 
or EuroScore II mortality risk score > 4), type of cardiac 
surgery (coronary bypass surgery, valvular surgery, con-
comitant coronary-valve surgery and aortic surgery), 
CPB time, aortic cross-clamp time, type of ultrafiltration 
in the intervention group, the group size of intervention 
and control arms, primary and secondary outcomes, 
and follow-up period (in-hospital follow-up or 30-day 
follow-up). Dichotomous variables will be extracted 
as the number and total group size. Continuous out-
comes such as ventilation time and ICU LOS will all be 
converted to hours if reported in days. Any continuous 
variable that is expressed as mean and confidence inter-
val will be converted to mean and standard deviation. A 
third party (RS) will arbitrate any disagreement. JB will 
directly transfer outcome data from accepted studies into 
RevMan [9]. Included studies that are missing specific 
outcome data will be recorded and included in the risk of 
bias assessment.

Risk of bias
JB and DH will independently assess the risk of bias of 
included studies by completing the Revised Cochrane 
Risk-of-Bias (RoB2) tool [10]. A third party (RS) will 
arbitrate any disagreement. This process examines pos-
sible bias from randomization, deviation from intended 
intervention, measurement of outcome, missing outcome 
data, and the selection of reported results. Each included 
study will be rated as low-risk of bias, some concerns of 
bias, and high-risk of bias.

Data synthesis
Data analysis will be done using RevMan and a forest 
plot for each outcome generated [9]. A random-effects 
model will be used because of the suspected heterogene-
ity in types of continuous ultrafiltration methods used; 
for example, ZBUF and ZBUF-MUF would both meet 
inclusion criteria. Furthermore, there could be hetero-
geneity in the underlying cardiac pathology and patient 
risk profile. If the data is not appropriate for a meta-anal-
ysis, a narrative synthesis will be completed in its place. 
Analysis of dichotomous outcomes will utilize the Peto 
odds ratio method, as the primary outcome of operative 
mortality and secondary outcomes such as renal failure, 
stroke, and severe bleeding are expected to be relatively 
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rare [6]. Analysis of continuous outcomes will utilize 
mean difference as outcomes such as ventilation time, 
and ICU LOS will be recorded in the same unit of hours 
[6]. A meta-analysis will only be performed if there are at 
least two included studies reporting the same outcome.

Statistical heterogeneity will be measured by the χ2 test 
(p < 0.1) and described by the I2 statistic. I2 > 75% indi-
cates significant heterogeneity, and this result will require 
investigation. Significant heterogeneity will be explored 
and described as clinical diversity (the type of cardiac 
surgery, risk profile of patients and type of ultrafiltra-
tion used), methodological diversity (outcome definition, 
outcome reporting and risk of bias in study design), and 
statistical diversity. If ten or more studies report on an 
outcome, reporting bias will be examined by completing 
a funnel plot analysis.

There will be one subgroup analysis that will differen-
tiate patients by operative risk profile: low risk (STS or 
EuroScore II mortality risk score < 4) vs moderate or high 
risk (STS or EuroScore II mortality risk score > 4). Mod-
erate and high-risk subgroups might also include patients 
with evidence of preoperative organ dysfunction, includ-
ing preoperative renal, cardiopulmonary, and hepatic 
failure. Subgroup analysis will not be performed if fewer 
than two included studies report outcomes specific to the 
defined risk categories. Form test for subgroup interac-
tions will be completed using RevMan [9].

Meta-analysis results will be interpreted in terms of 
both clinical and statistical significance. Any statistically 
significant reduction in operative mortality will be con-
sidered clinically significant. Any statistically significant 
reduction in renal failure, stroke, pneumonia, or sternal 
wound infection will be considered clinically significant 
as it has clearly shown that any one of these post-cardiac 
surgery complications are associated with a 15% reduc-
tion in survival at one year when compared to patients 
that had no complications [11]. The continuous outcomes 
of ventilation time and ICU LOS are often influenced by 
many clinical variables and are prolonged in the case of 
postoperative complications. Prolonged ventilation time, 
and therefore ICU LOS, over 24 h is an independent risk 
factor for mortality at 1 year [11]. Therefore, any statis-
tically significant reduction in these outcomes will be of 
some clinical significance. To ensure clarity of any sta-
tistically significant effect size, both the % reduction and 
corresponding value in hours will be reported for ventila-
tion time and ICU LOS.

Sensitivity analysis
A sensitivity analysis will be completed to evaluate the 
meta-analysis results. Studies that are judged to be 
high-risk of bias, via the aforementioned Cochrane Risk 
of Bias Tool, will be excluded from the pooled analysis. 

These results will be examined and compared to the total 
pooled results. The meta-analysis results would be con-
sidered robust if the sensitivity analysis does not signifi-
cantly change the meta-analysis findings.

Quality of evidence
The quality of included evidence will be characterized, 
independently by JB and DH, through the Grading of 
Recommendations Assessment, Development and Evalu-
ation (GRADE) [12]. Domains that determine the cer-
tainty of result through GRADE include risk of bias, the 
inconsistency of outcome results, indirectness of results, 
imprecision of results, suspicion of publication bias, 
effect size, plausible confounding, and dose-response 
gradient [12]. For each outcome, the table will list the 
effect of the intervention, effect of control, effect size, the 
difference between intervention and comparator, number 
of participants, number of studies included in outcome 
analysis, GRADE certainty of evidence, and a comment 
on interpretation [12]. GRADEpro software will be used 
to summarize this information in a Summary of Findings 
table [13].

Discussion
This systematic review and meta-analysis seeks to gauge 
the current level of evidence of continuous forms of 
ultrafiltration, commonly used in pediatric cardiac sur-
gery but uncommonly in adult cardiac surgery, for knowl-
edge translation between the two patient populations. 
The review’s findings will yield information applicable to 
regular clinical practice and translational research initia-
tives to enhance recovery for adult patients undergoing 
cardiac surgery.
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