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Non anti-coagulant factors associated with ®
filter life in continuous renal replacement
therapy (CRRT): a systematic review and
meta-analysis

Matthew Brain'**"@®, Elizabeth Winson®, Owen Roodenburg'? and John McNeil'

Background: Optimising filter life and performance efficiency in continuous renal replacement therapy has been a
focus of considerable recent research. Larger high quality studies have predominantly focussed on optimal
anticoagulation however CRRT is complex and filter life is also affected by vascular access, circuit and management
factors. We performed a systematic search of the literature to identify and quantify the effect of vascular access,
circuit and patient factors that affect filter life and presented the results as a meta-analysis.

Methods: A systematic review and meta-analysis was performed by searching Pubmed (MEDLINE) and Ovid
EMBASE libraries from inception to 29" February 2016 for all studies with a comparator or independent variable
relating to CRRT circuits and reporting filter life. Included studies documented filter life in hours with a comparator
other than anti-coagulation intervention. All studies comparing anticoagulation interventions were searched for
regression or hazard models pertaining to other sources of variation in filter life.

Results: Eight hundred nineteen abstracts were identified of which 364 were selected for full text analysis. 24
presented data on patient modifiers of circuit life, 14 on vascular access modifiers and 34 on circuit related factors.
Risk of bias was high and findings are hypothesis generating.

Ranking of vascular access site by filter longevity favours: tunnelled semi-permanent catheters, femoral, internal
jugular and subclavian last. There is inconsistency in the difference reported between femoral and jugular catheters.
Amongst published literature, modality of CRRT consistently favoured continuous veno-venous haemodiafiltration
(CWHD-F) with an associated 44% lower failure rate compared to CVWH. There was a trend favouring higher blood
flow rates. There is insufficient data to determine advantages of haemofilter membranes.

Patient factors associated with a statistically significant worsening of filter life included mechanical ventilation,
elevated SOFA or LOD score, elevations in ionized calcium, elevated platelet count, red cell transfusion, platelet
factor 4 (PF-4) antibodies, and elevated fibrinogen.

Majority of studies are observational or report circuit factors in sub-analysis. Risk of bias is high and findings require
targeted investigations to confirm.
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Conclusion: The interaction of patient, pathology, anticoagulation, vascular access, circuit and staff factors
contribute to CRRT filter life. There remains an ambiguity from published data as to which site and side should be
the first choice for vascular access placement and what interaction this has with patient factors and timing. Early
consideration of tunnelled semi-permanent access may provide optimal filter life if longer periods of CRRT are
anticipated. There remains an absence of robust evidence outside of anti-coagulation strategies despite over

20 years of therapy delivery however trends favour CVWWHD-F over CVWH.

Keywords: Continuous renal replacement therapy, CRRT, Vascular access, Filter life, Femoral, Jugular, Vein

Background

Continuous renal replacement therapy (CRRT) is a com-
mon intervention to maintain physiologic plasma com-
position when acute kidney injury (AKI) complicates
critical illness. CRRT by definition relies on continuous
blood flow through the extra-corporeal circuit to sup-
port controlled clearance of solutes and water balance.
Failures of the extracorporeal circuit interrupt treatment
delivery, increase cost and are potentially disruptive to
other aspects of patient care.

Optimising filter life and performance efficiency in
CRRT has been a focus of considerable recent research.
Larger high quality studies have predominantly focussed
on optimal anticoagulation strategies and this has
formed the core of several reviews [1-6] with a recent
meta-analysis [6, 7] favouring citrate over regional
heparin to extend filter life.

Though narrative reviews exist focussing on non-
anticoagulant parameters that affect filter life [1-3], no
meta-analysis has ever pooled published data in this area.
We performed a systematic search of the literature to
identify and quantify the effect of non-anticoagulant
factors and interventions that influence filter life in con-
tinuous renal replacement therapy. We have arbitrarily
divided non-anticoagulant determinants of filter life into
vascular access factors, circuit factors and patient factors.

Adequate vascular access allows the desired blood flow
to be achieved without generating extremes of pressure
between the extracorporeal circuit and the patient. Poor
access results in frequent CRRT platform alarms and
failure of treatment delivery or reductions in blood flow
that may decrease therapy effectiveness and promote
stasis with subsequent thrombosis [1-3]. Obtaining
vascular access for CRRT is a frequently performed
procedure. Veno-venous (VV) techniques have largely
supplanted arterio-venous (AV) cannulation due to the
availability and relative ease of wire-guided dual lumen
catheters. However many possible combinations of vas-
cular access catheter design, size, insertion site, inserter
experience, depth of insertion and line maintenance
make determining the optimal combination complex.

Patient factors such as body habitus, pathology and co-
agulopathy all contribute to the ease of performing CRRT
and maintaining vascular access. Circuit factors include
the modality of treatment with continuous veno-venous
haemodialysis (CVVHD), haemofiltration (CVVH), and
haemodiafiltration (CVVHD-F) all in common usage.
Variation in practice also encompasses use of pre/post
dilution in CVVH and CVVHD-F, target blood and fluid
flow rates and circuit management practices.

Methods

Databases of reviews were searched for similar meta-
analyses and none were found. A preliminary literature
search identified that the majority of studies were obser-
vational in nature being either primary observation stud-
ies or contained as sub-analyses of randomised studies.
Given that our goal was to identify factors and interven-
tions and develop hypotheses for future studies, inclu-
sion of observational evidence was deemed acceptable.
Consequently a systematic review strategy was devel-
oped following the MOOSE guideline statement for
Meta-Analyses and Systematic Reviews of Observational
Studies [8].

Search strategy

The search strategy was developed by an experienced
researcher (MB) and assistance provided by library staff.
We searched Pubmed (MEDLINE) and Ovid EMBASE
libraries to 29™ February 2016 with no restrictions utilis-
ing keywords, variant spellings and wildcards (Table 1).
Manual review of references from included studies and
potentially relevant related citations was also performed.

Included studies

All abstracts were imported into Zotero (version
4.0.28.8, George Mason University, Fairfax, VA, USA)
and duplicate entries from different databases merged.
Abstracts were screened independently by two re-
searchers (MB, EW) for potential relevance after which
full text versions of the papers were obtained for all
potentially relevant studies.
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Table 1 Search Strategy
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Title and Abstract Search

Title and Abstract Search/MeSH Terms

CRRT OR continuous renal replacement therapy OR CWHD-F OR
OR CWD OR CVWH OR CWHD
AND
AND
extracorporeal circulation OR circuit* OR filter* OR vascular access ~ AND
OR access catheter OR catheter OR securement OR flush OR lock*
OR haemofilter or haemofilter or blood flow or ultrasound OR vein
OR

continuous venovenous OR continuous veno-venous OR continuous veno
venous

haemodiafiltration OR haemodiafiltration OR hemofiltration OR
haemofiltration OR ultrafiltration

safety events OR bleeding dislodgement or disconnect* OR recirculat*
OR dysfunction OR failure OR life* OR interruption OR survival OR
thrombosis OR clot* OR coagulant* OR “blood coagulation” [MeSH Terms]

clearance OR flux OR homeostasis OR acid base OR strong ion difference
OR effectiveness OR efficacy or biocompatibility OR body habitus OR
obesity OR patient position OR physiotherapy OR physical therapy OR
mobilisation OR education OR training OR experience

* = wildcard search character

Studies were included if they documented filter life in
hours with a comparator other than anti-coagulation
intervention. All studies comparing anticoagulation in-
terventions were searched for regression or hazard
models pertaining to other variation in filter life.
Abstracts detailing proceeds of meetings and conference
abstracts were merged with studies by the same authors
if the results were clearly duplicate entries and otherwise
included. Foreign language articles were converted to
English using Google Translate [9].

Excluded studies

The following studies were excluded: Abstracts of phar-
macokinetic CRRT studies, studies on cytokine media-
tors, micronutrients or renal recovery as well as reviews
and prior meta-analyses.

We also excluded studies that solely documented filter
life in a population without any comparators or relation-
ship to independent variables, studies describing arbi-
trary levels of filter life without a baseline group (e.g.
arbitrarily comparing survival curves between ‘short’ and
‘long’ filter life) and results that divided filter life into
dichotomous time periods without specifying hours per
filter or similar variations such as numbers of filters per
day. In these cases authors were contacted regarding
obtaining original data. Bench studies or studies involv-
ing animals were also excluded.

Data extraction & statistical methods

Filter life and basic study data were extracted directly into
Comprehensive Meta-Analysis version 3.3.070 [10] while
study details were entered directly into Revman version
5.3 [11] after exporting citations from Zotero. Multiple re-
gression covariates (using the full model where available)
were converted to correlations using Rosenthal & Rubin’s
r-equivalent method [12-14]; when comparison of means
were also available we found this technique produced
similar effect size estimates. If survival curves were pre-
sented without hazard ratios, these were extracted using

methods detailed by Liu & Hanley [15-18] utilising
Engauge Digitizer version 6.2 [19] and R version 3.0.2 with
package survival [20, 21]. As a last resort medians and
interquartile ranges were converted to means using recog-
nised procedures and results requested from the study
author [22]. One author [23] provided original data for
which a survival analysis was performed in R version 3.0.2
with package survival version 2.38-3 [21] utilising a Cox
proportional hazards model and further pooled with the
authors (MB) previously published data [24] to produce
Kaplan Meier figures.

Comprehensive Meta-Analysis version 3.3.070 [10]
was utilised to present varying effect size estimates as
Odds Ratios (for risk of event data) or Hazard Ratios
(for time to event data) depending on the source. A ran-
dom effects model was used to combine similar variables
for summary effect estimates. Where a sub-group has
both Hazard and Odds Ratio effect size estimates, the
estimates are discussed in the text.

Quality and risk of bias was assessed utilising the
GRADE approach [25] as implemented in Revman ver-
sion 5.3 [11] and a summary of findings table created
using GRADEpro [25]. Heterogeneity was considered on
pragmatic grounds from sources of variability in the
study description and statistically when sufficient com-
parisons were present with an I* statistic <50% denoting
low heterogeneity and >80% denoting high. We graded
risk of detection bias for observational studies according
to the trial design with a lower risk attributed to large
data sets reporting multiple factors and higher risk at-
tributed to retrospective analysis of an intervention or
cohort difference.

Classification of studies

The primary outcome was filter life. Factors associated
with filter life were arbitrarily divided into patient
factors, vascular access factors and circuit factors with
subgroups within each level. Studies reporting multiple
variables were included in more than one category.
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Results
Search results (Fig. 1)

A total of 819 abstracts were identified of which 364
were selected for full text analysis. The study selection
process is outlined in Fig. 1. Characteristics of included
studies are displayed in Tables 2, 3 and 4 . The most
common reason for study exclusion was failure to de-
scribe filter life in hours. Figure 2 describes the overall
bias summary of included studies. Bias summaries for
individual studies are included with the forest plots. The
authors of three studies provided clarifying information
upon request and one author provided original data for
reanalysis [23].

Fourteen studies contain filter life data related to
vascular access properties. None of these were of
high quality. Only one had a randomised design
where the primary outcome was filter life [26], while
a second randomised trial presented a post-hoc ana-
lysis of filter life by vascular access site [27]; neither
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was blinded. Two high quality randomised trials
were identified in the literature search that did not
report filter life related to vascular access but to
catheter function; these are discussed in the relevant
sections [28, 29].

Thirty-four studies contain filter life data related to
circuit factors of which 13 had a prospective randomised
design but only two were blinded. Twenty-four studies
contain filter life data related to patient variables how-
ever the majority of indices of filter life were from sub-
analyses. No large high quality randomised studies
existed. Only five studies in this analysis had a prospect-
ive randomised design [30-34] and of these only one
described blinding of investigators.

Overall filter life

Amongst included studies from the entire systematic
review where mean filter life was available, overall
mean filter life was 21.92 h (n = 7502, SD = 10.89).

Unique Title & Abstracts of articles
identified in Search Results (n=819)

Articles excluded based on abstract screen
(n=455):
Not relevant (n=277)
Pharmacokinetic Data (n=99)

Full text articles reviewed (n=367)

Y

Cytokine & Mediator Studies (n=59)
Micronutrient Studies (n=8)
Renal Recovery Studies (n=13)

Anticoagulation Comparisons without other

comparators of Filter Life (n=92)

Non Anticoagulation comparisons (n=215)
No Filter Life Data (n=178)

A4

Comparator studies comparing non-
anticoagulant strategies for prolonging

No comparator (n=27)

Studies with data on patient related factors

CRRT filter life or improving CRRT
effectiveness (n=60)

affecting filter life (n=24)

Studies with data on vascular access affecting

filter life (n=14)

Studies with data on circuit related factors
affecting filter life (n=34)

Fig. 1 Article flow through systematic review process
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Random sequence generation (selection bias) _

Allocation concealment (selection bias) -:—

Blinding of participants and personnel (performance bias) _
Blinding of outcome assessment (detection bias) _:—
Incomplete outcome data (attrition bias) I_

Selective reporting (reporting bias) _I

omervs [ TN |

i
t

0% 25% 50% 75%  100%

| [ Low risk of bias

[Junclear risk of bias

[l High risk of bias I

Fig. 2 Risk of Bias Graph. For non - randomised studies detection bias risk was graded by likely influence on findings

Vascular access factors and filter life

Access site and filter life

Figure 3 displays grouped effect estimates for comparisons
between vascular access sites. The femoral vein was the
most common vascular access site utilised across studies
that contained filter life data. Significant dispersion of
estimates exists between studies comparing femoral and
non-femoral access routes. No data existed on the order
of catheter insertion sites in individual patients.

Of studies reporting internal jugular vs. femoral cath-
eter sites, du Cheyron [35] in 78 patients favoured in-
ternal jugular access whereas the grouped effect estimate
of studies reporting time to event outcomes trended
toward the femoral site with an associated 27% (95% CI
-4% to 69%, p =0.092) increase in filter survival with
low heterogeneity (I = 24.8%).

Results comparing subclavian vs femoral catheters also
suggested a trend associating improved filter life from
femoral access whereas tunnelled semi-permanent cath-
eters and direct connection to ECMO circuits were asso-
ciated with longer filter life when compared to femoral
access. Again statistical significance was influenced by
choice of statistical model for the pooled effect with
fixed effects models reaching significance.

Datasets made available from two studies [23, 24] were
pooled to construct survival curves by filter site for 2173
filters. Subclavian access was associated with signifi-
cantly worse filter life than femoral access whereas tem-
porary internal jugular catheters was no different.
Tunnelled access (14.5Fr) trended toward longer filter
life while a direct connection to ECMO provided the
longest filter life (Fig. 4).

Though not reporting filter life, an important sub-
analysis of a large multi-centre study of CRRT dose [29]
suggested femoral catheters had limited impact on
CRRT dose delivery compared to non-femoral catheters.

A single small study described patient activity and
catheter site with filter life; Wang et al. [36] found at
baseline non-femoral catheters were associated with lon-
ger filter life however this advantage did not persist with
mobilisation.

Access side and filter life (Fig. 5)

Three studies provided comparison data on the side of
vascular access. Results for femoral side were heteroge-
neous (I* = 82.8%) with the study by Kim [37] a signifi-
cant outlier.

Of relevance to side selection is a multicentre rando-
mised control trial that investigated time to catheter
dysfunction as an outcome rather than filter life [28]
between right or left jugular and femoral placement in
intermittent haemodialysis and/or CRRT. This study
found no significant difference in risk of dysfunction be-
tween right jugular and femoral sites (trend favoured
right jugular) however left jugular performed signifi-
cantly worse (adjusted hazard ratio vs femoral 1.89 (95%
CI1.12 - 3.21, p < 0.02)).

Catheter properties associated with filter life (Fig. 6)

A single randomised comparison of catheter length [38]
in great thoracic veins with confirmation of atrial tip
placement vs superior vena cava tip positioning demon-
strated superiority of longer (atrial) catheters. Importantly
this study reported no difference in incidence of atrial or
ventricular arrhythmias between the two catheter lengths.

Only one study in a paediatric population reported
catheter size comparisons in relation to filter life [26]
demonstrating only a weak signal. However the effect is
likely greater given the report of a sub-analysis of the
large RENAL dataset [29] demonstrating achievement of
increased renal dose with larger catheters.

Extremely negative access pressures were associated
with decreased filter life [39] in a single study.

Catheter types association with filter life

All studies reporting differences between temporary vas-
cular access devices used a before-after design in an in-
tensive care unit. Across all studies a trend favouring the
Niagara catheter (Bard Canada) being associated with
longer filter life was observed however the pooled effect
was not significant. Tunnelled cuffed semi-permanent
devices trended towards superior filter life compared to
temporary devices in each analysis (Figs. 3, 4, and 7)
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du Cheyron et al, 2006

Mottes et al, 2013

Mottes et al, 2013

Chua et al, 2012

Wang et al. 2014

Wang et al. 2014

Brain et al. 2014
Crosswell at al. 2014
Dunn & Sriram, 2014 (HR)

Hwang et al, 2013

Crosswell at al. 2014

Dunn & Sriram, 2014 (HR)

Crosswell at al. 2014

Dunn & Sriram, 2014 (HR)

Crosswell at al. 2014

Crosswell at al. 2014

Dunn & Sriram, 2014 (HR)

Sponholz et al, 2014

Hwang et al, 2013

Brain et al. 2014

Hwang et al, 2013

Internal Jugular Femoral

Internal Jugular Femoral
Summary - Internal Jugular vs Femoral Site
Subclavian Femoral
Summary - Subclavian vs Femoral Site
Non-Femoral Femoral
Non-Femoral (baseline) Femoral (baseline)
Summary - Non-Femoral vs Femoral Site
Non-Femoral (mobilisation) Femoral (mobilisation)

Summary - Mobilisation: Non-Femoral vs Femoral Site

Internal Jugular Femoral
Internal Jugular Femoral
Internal Jugular Femoral
Internal Jugular Femoral

Summary - Internal Jugular vs Femoral Site
Subclavian Femoral
Subclavian Femoral

Summary - Subclavian vs Femoral Site
Tunnelled Semi-permanent Femoral
Tunnelled Semi-permanent Femoral

Summary - Tunnelled vs Femoral Site

ECMO Femoral
Summary - ECMO vs Femoral Site
Non-Femoral Femoral
Non-Femoral Femoral
Non-Femoral Femoral

Summary - Non-Femoral vs Femoral Site
AV Fistula Internal jugular

Summary - AV fistula vs Internal Jugular
Tunnelled Semi-permanent Internal Jugular
Tunnelled Semi-permanent Internal jugular

Summary - Tunnelled vs Internal Jugular

-
Access Site & Filter Life Forest Plot
Study name Subgroup within study Control Group Effect Size & Significance Odds ratio and 95% Cl

Odds LowerUpper

ratio limit limit p-Value weight

0.2310.071 0.758
1.001 0.681 1.472
0.716 0.378 1.357
0.901 0.612 1.325
0.901 0.435 1.865
0.503 0.368 0.688
0.153 0.059 0.399
0.365 0.202 0.660
1.042 0.271 4.007

1.042 0.237 4.584

Hazard LowerUpper
ratio

2.9411.416 6.108
1.245 1.055 1.468
1.1330.976 1.314
1.103 0.950 1.280
1.273 0.961 1.687
1.568 1.226 2.007
1.023 0.689 1.518
1.304 0.863 1.972
0.728 0.553 0.958
0.828 0.614 1.118
0.7750.519 1.158
0.625 0.499 0.784
0.625 0.365 1.072
1.314 1.129 1.530
1.124 0.971 1.300
0.899 0.612 1.319
1.126 0.823 1.540
0.828 0.304 2.255
0.828 0.271 2.526
0.300 0.082 1.092
0.991 0.357 2.750
0.613 0.255 1.472

Fig. 3 Vascular access insertion site association with filter life. Effect estimates are grouped by category. Studies reporting as difference in means,
correlations or risk are summarised in odds ratios. Hazard ratios are presented separately

limit  limit p-Value weight

Relative

0.016 22.9
0.996 77.1
0.306
0.595 100.0
0.778

0.000 73.1
0.000 26.9
0.001
0.952 100.0

0.956

0.01 0.1 1 10 100

Relative Hazard ratio and 95% Cl

0.004 10.2

0.009 29.5
0.100  30.1
0.200 30.1
0.092
0.000 56.8

0.909 43.2
0.208

0023 51.1

0218 489

0214

0.000 100.0 J
0.088

0000 372

0117 375

0585 253

0.458

0712 100.0

0740

0068 402 +—
0986 59.8

0274

0.01 0.1 0 100
Favours Control

i
{r
[}
1 1

Favours Alternative

— often these catheters have larger diameters (14.5Fr

to 15.5Fr).

Circuit factors associated with filter life
Haemofilter membrane characteristics (Fig. 8)
Studies comparing haemofilter membranes spanned

several advancements in membrane technology over a
22-year period. One early randomised study [40] demon-
strated an advantage of hollow fibre membranes over flat
plate haemofilter configurations for filter life while the
remainder analysed contemporary hollow fibre membranes.
Numbers of studies for each membrane comparison were
small.

A trend favouring polysulfone membranes ahead of
cellulose triacetate in being associated with longer filter
life was apparent in one multiple regression analysis [41]
but a newer modified cellulose membrane showed no
difference [42]. No significant difference in filter life
existed between the non-surface coated AN69 mem-
brane and a polysulfone membrane in one study [38].
Interestingly newer surface treated (heparin binding and
potentially more biocompatible) AN69ST membrane did
not show any advantage in filter life over the non-surface
treated AN69 in two randomised studies [43, 44].

Classically diffusive transport improves with haemofilter
membrane area and anecdotally increased membrane area
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Kaplan-Meir Estimate of Filter Survival by Vascular Access Site
Pooled Data from two studies
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Fig. 4 Pooled survival analysis of filter life by vascular access site
from 2173 filters from two studies [23, 24]. * signifies curves that
demonstrate a statistically significant difference to femoral
access. Sites denote temporay catheters except for tunnelled
semi - permanent devices and ECMO

prolongs filter life however a single study comparing
membrane area did not demonstrate an advantage [45].

CRRT mode, Pre vs post dilution and CRRT dose (Fig. 9)

The optimum modality of CRRT for filter life was con-
sistent across nearly all studies including two rando-
mised [46, 47] trials with CVVHD-F (or CVVHD [47])
associated with a 44% lower failure rate compared to
CVVH (Fig. 9). Statistical heterogeneity was low (I* for
event risk comparisons 25.5%, p =0.058; hazard ratio
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comparisons zero) and the result reached significance in
time to event analysis (p < 0.001) with minimal dispersion.
Whether CVVH with pre or post dilution is superior
was less clear with more heterogeneity (I*=48.6%)
across risk results and no overall trend (p =0.245). Of
the two small randomised studies in this group [48, 49]
only van der Voort et al. purely compared pre vs post di-
lution and favoured pre-dilution to prolong filter life.
Higher CRRT dosage, prescribed ultra-filtration rate
and fluid removal rate were not associated with differ-
ences in filter life amongst the retrospective analyses
that reported this outcome [36, 41, 50]. Although not
directly reporting filter life, the results of two large
multi-centre trials of RRT intensity are relevant in
regards to CRRT dose suggesting that higher intensity
RRT may be associated with decreased filter life; the
RENAL Investigators [51] used 0.93 + 0.86 filters per day
in the high intensity group vs 0.84 +0.81 in the lower
group (p<0.001). Similarly Palevsky et al. [52] report
3178 CRRT treatments in 563 patients in the intensive
arm vs 2789 in 561 patients in the lower intensity group.

Blood flow and filter life (Fig. 10)

Higher blood flow rates have been hypothesised to
prolong filter life by minimising stasis within the blood
path [3] however results vary across studies. Of the three
studies with randomised design none detected a differ-
ence though blood flow was not the primary outcome in
the comparison by Choi et al. [30] and the studies by
Ramesh Prasad et al. [53] and de Pont et al. [48] did not
solely assess blood flow.

Though Mottes [38] did not show a significant associ-
ation between blood flow and filter life, the pooled effect
of studies contributing to the hazards model favoured
higher blood flow (HR=0.942, p=0.009, I*=25.8%).
This equates to a 5.8% increase in filter survival for each
10 ml/min increase in blood flow however as none of

Access Side & Filter Life Forest Plot

Study name Subgroup within study Control Group

Crosswell at al. 2014 Left Sided Catheters Right Sided Catheters

Dunn & Sriram, 2014 (HR) Left Sided Catheters Right Sided Catheters

Summary - Side: All Catheters

Crosswell at al. 2014 Left Femoral Right Femoral
Dunn & Sriram, 2014 (HR) Left Femoral Right Femoral
Kim et al. 2011 Left Femoral Right Femoral

Summary - Side: Femoral

Crosswell at al. 2014 Left Non-Femoral Right Non-Femoral

Dunn & Sriram, 2014 (HR) Left Non-Femoral Right Non-Femoral

Summary - Side: Non-Femoral

Fig. 5 Access side and Filter Life. HR denotes original study data was re - analysed for meta - analysis with a Cox proportional hazards model

Effect Size & Significance

Hazard LowerUpper

Relative
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ratio  limit limit p-Value weigl

0.873 0.754 1.011 0.070
0.819 0.711 0.943 0.006
0.846 0.589 1.214 0.363
0.913 0.741 1.125 0.393
0.844 0.704 1.012 0.066
2.814 2.156 3.673 0.000
1.257 0.922 1.714 0.148
1.235 1.002 1.522 0.047
0.821 0.650 1.037 0.098
1.011 0.691 1.479 0.956
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Access Catheter Properties & Filter Life Forest Plot

Effect Size & Significance Odds ratio and 95% CI

Odds LowerUpper Relative
ratio limit limit p-Value weight

Study name Subgroup within study Control Group

Morgan et al. 2012 Longer Catheter Length Shorter Catheter Length 0.280 0.132 0.597 0.001 100.0 —D—

Summary - Catheter Length 0.280 0.106 0.744 0.011 ’
Mottes et al, 2013 Increasing Access size Controlling for other variables 0.873 0.594 1.284 0.491 100.0 *5'

Summary - Catheter Size 0.873 0.422 1.808 0.715 ‘
Zhang et al, 2015 Access < -200mmHg > 5 min Access < -200mmHg < 5min  4.754 1.79512.589 0.002 44.7 —
Zhang et al, 2015 Access < -200mmHg >0 Episodes  Access never < -200mmHg  2.370 1.032 5.443 0.042 55.3 —D—

Summary - Access Pressure 3.234 1.497 6.987 0.003 ’

0.01 0.1 1 10 100
Favours Alternative Favours Control ‘}é\}i \e‘z;’g,b\j;f

Fig. 6 Catheter Properties associated with filter life

Saline flushing of the circuit was not beneficial
however the only randomised study [53] simultaneously

these studies were designed to directly compare low and
high blood flow, this result should be considered sup-

portive only.

The single study [54] investigating a gradual step up of
initial blood pump speed to 200 ml/min over a shorter
4 min period vs a 10 min period found no benefit on
patient haemodynamic parameters and a trend toward
worse filter life at the slower step up.

Blood path interventions associated with Filter Life

Two small studies showed no benefit from different sites
of heparin delivery [55, 56]. No benefit was observed
using a modified horizontal bubble trap on the return
line [57], priming the circuit with albumin before use
[58] to improve biocompatibility or by the presence or
absence of a fluid warmer on the return blood path [59].

compared differences of blood flow. The remaining stud-
ies [60—63] utilised saline flushes in patients with a coagu-
lopathy that contra-indicated use of heparin.

CRRT system management and staff education
interventions (Fig. 11)

The number of alarms and an arbitrary definition of
CRRT mechanical failure were both associated with
worse filter life in two small studies [36, 63]. Educa-
tion around overall CRRT management with a struc-
tured simulation event was beneficial in two studies
though only the study by Mottes et al. [38] purely
assessed focussed education alone without other
interventions.

Study name

Dunn & Sriram, 2014
Fealy et al. 2013

Kim et al. 2011(b)

Dunn & Sriram, 2014 (HR)

Crosswell at al. 2014
Dunn & Sriram, 2014 (H)

Dunn & Sriram, 2014 (HR)

Subgroup within study

Access Catheter Type & Filter Life Forest Plot

Control Group

Niagara
Niagara 13.5Fr 24cm
Niagara 13.5Fr

Summary - Catheter Type

Niagara Catheter

Summary - Catheter Type
Tunnelled 14.5Fr
Tunnelled Catheter

Tunnelled Catheter

Arrowgard Blue
Medcomp 13.5Fr 24cm

Dolphin 13.5Fr

Arrowgard Blue

Dolphin Protect 12Fr
Niagara Catheter

Arrowgard Blue

Summary - Tunnelled vs Temporary

Hazard LowerUpper

Effect Size & Significance
Odds LowerUpper

v
ratio limit limit p-Value weight
0.718 0.591 0.874 0.001 39.9
0.988 0.631 1.548 0.959 287
0.7810.528 1.156 0.217 31.3

0.808 0.537 1.217 0.308

ratio
0.713 0.589 0.864 0.001 100.0

limit limit p-Value weight

0.713 0.422 1.207 0.208

0.653 0.500 0.853 0.002 35.5
0.8610.6121.212 0.391 31.0
0.828 0.614 1.118 0.218 33.5

0.771 0.553 1.075 0.125

Relative

Relative

0.01

Odds ratio and 95% Cl

0
<F

Hazard ratio and 95% ClI

EFns
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Fig. 7 Catheter type. Arrowgard Blue denotes a group comprising 16 cm or 20 cm 12Fr or 25 cm 14Fr polyurethane antimicrobial treated
catheters. Niagara when not specified denotes a group comprising 15 cm, 20 cm or 24 cm 13.5Fr polyurethane catheters. HR denotes reanalysis
of the original data by Cox proportional hazards model
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Haemcdfilter Membrane Characteristics & Filter Life Forest Plot

Study name Subgroup within study Control Group O,é"‘ﬁos Lﬁmﬁ' Uﬁ’,ﬁﬁ’ p-ValueR\slealg%te Odds ratio and 95% Cl

Martin et al, 1994 Polyamide (FH66) Membrane Polyacrylonitrile AN69 M100 Membrane ~ 3.429 2.661 4.419 0.000 522 L

Mottes et al, 2013 Polysulfone (HF1000) Membrane Polyacrylonitrile AN69 M100 Membrane 1.098 0.746 1.615 0.635 47.8 -
Summary - AN69 Haemofilter 1.990 1.003 3.951 0.049

Schetz et al 2012 ANB9ST Membrane (Surface Treated) ST100  Polyacrylonitrile AN69 M100 Membrane 1.192 0.668 2.126 0.553 57.4

Yin etal 2015 ANB9ST Membrane (Surface Treated) ST100  Polyacrylonitrile AN69 M100 Membrane 1.226 0.518 2907 0.643 426

Summary - AN69ST Haemofilter
Polysulfone AV-400

Summary - Polysulfone vs Cellulose
Polysulfone AV 10008

Summary - Haemofilter Size
Hollow Fibre Membrane

Pichaiwong et al 2006 Cellulose Sureflex 150E

Bonassin et al, 2014 Polysulfone AV 600S

Baldwin et al 1996 Flat Plate Membrane

Summary - Haemofilter Design

Study name Subgroup within study Control Group
Fuetal, 2014 Polysulfone FX60 Cellulose Triacetate 190U

Summary - Triacetate Haemofilter

Hazard Lower

Fig. 8 Grouped effect estimates of haemofilter membrane characteristics associated with filter life
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Patient factors associated with filter life

Patient factors

Figure 12 presents grouped effect size estimates for
patient factors associated with CRRT filter life. Among
baseline factors increasing patient age and blood pres-
sure were not associated with a difference in filter life
however male sex trended toward shorter filter life
with the pooled hazard estimate nearly reaching stat-
istical significance though heterogeneity was moderate
(p = 0.065, I* = 54.4%).

Increases in body temperature demonstrated a non-
significant signal toward association with shorter filter
life in one study with a 14.9% (95% C.I. -1.7% to
34.4%) increase in the failure rate per degree Celsius
elevation [64]. Another single study suggested that
presence of mechanical ventilation was associated
with worse filter life while vaso-active drug therapy
was an advantage [50].

Patient pathology (Fig. 12)
The most common pathology reported was sepsis. In
general studies reported sepsis to have a negative
effect on filter life with Ghitescuet [65] suggesting
septic shock and sepsis fall on a continuum to reduce
filter life further however the effect did not reach
significance.

Filter life in the setting of liver failure with bilirubin >
3 mg/dL nearly reached significance for being associated
with worse filter life. Not included in the forest plot due
to the number of contrasts and no attempt to control
for other variables is a study by Agarwal et al. [66] which
contrasted anticoagulation free filter life in coagulo-
pathic patients with acute liver failure, decompensated

chronic liver disease, post liver transplant recipients,
sepsis or haematological disorders. They found that
haematological disorders had significantly longer filter
life (x=21.7 £19.7 h) however all other groups demon-
strated poor filter life with mean duration less than 12 h.
The most comprehensive description of patient factors
interacting with filter life in acute liver failure or decom-
pensated liver disease is found in Chua et al. [50] where
MELD score, APTT, bilirubin, mechanical ventilation,
platelet count and INR were associated with filter life in
this population. Discussions regarding filter life and
anti-coagulation in liver failure patients requiring CRRT
are the subject of several studies [50, 66—71] and grow-
ing support is emerging for the safety and efficacy of
citrate in this population [70].

lliness severity (Fig. 12)

Illness severity scoring systems demonstrated heteroge-
neous association with filter life effect. The summary
effect for increasing APACHE II and III (12 =57.2%)
scores demonstrated no association with filter life how-
ever higher SOFA scores and higher LOD scores were
associated with decreased filter life in isolated studies.

Biochemical parameters (Fig. 13)

Only two studies displayed sub-analyses of biochem-
ical abnormalities in association with filter life [41, 64].
A single study suggested lactate concentration displayed
an association between high lactate and shorter filter life
with a 14% (95% C.I. 3%-23%) increase in failure rate
per 1 mmol/L increase in lactate.

Two studies suggested higher ionised calcium was
associated with shorter filter life (neither study was using
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CRRT Mode & Filter Life Forest Plot

Study name Subgroup within study Control Group
Chua et al, 2012 CVVHDF CVVH
Davies et al 2008 CVVHDF CVVH
Kim et al. 2011 CVVHDF CVVH

Summary - CRRT Mode
CVVHDF Prismocitrate 18+Phoxilium CVVH Prismocitrate 10/2+Prismasol
Summary - CRRT Mode & Citrate Dose

Morabito et al, 2013

Study name Subgroup within study Control Group
Ede & Dale, 2016 CVVHDF CVVH
Fuetal, 2014 CVVHDF CVVH
Ricci et al, 2006 CVVHD CVVH

Summary - CRRT Mode

05 LR VBB pvanneSIND Odds ato and 95% C1
0.577 0.423 0.787 0.001 37.8 -+
0.305 0.151 0.616 0.001 26.5 ——
0.865 0.588 1.274 0.464 357 =
0.563 0.311 1.020 0.058
0.939 0.590 1.493 0.789 100.0 |l
0.939 0.337 2616 0.903
0.01 0.1 1 10 100
Favours Alternative Favours Control
Mg LR URRR" p-value RS R
0.546 0.353 0.845 0.007 51.6 4F
0.581 0.298 1.133 0.111 219 —F
0.576 0.314 1.058 0.075 26.5
0.562 0.411 0.768 0.000 ’
0.01 0.1 1 10 100
Favours Alternative Favours Control

Pre vs Post Dilution &

Filter Life Forest Plot

Control Group

CVVH Pre-dilution
CVVH Pre-dilution
CVVH Pre-dilution

Subgroup within study
CVVH Post-Dilution
CVVH Post-Dilution
CVVH Post-Dilution
Summary - CRRT Pre vs Post Dilution

Study name
Nurmohamed et al, 2011
Uchino et al, 2003

van der Voort et al, 2005

Subgroup within study Control Group

CVVH Post-Dilution
Summary - CRRT Pre vs Post Dilution
CVVH Post-Dilution: Qb 200ml/min CVVH Pre-dilution: Qb 140ml/min
Summary - CRRT Pre vs Post & Blood Flow

Study name

Nurmohamed et al, 2011 (HR) CVVH Pre-dilution

de Pont et al 2006

Ultrafiltrate / CRRT Dosage & Filter Life Forest Plot

Study name Subgroup within study Control Group Odds  Lowar Upper p-Va\ueR\Aezleawsxf Odds ratio and 95% Cl
Chua et al, 2012 Prescribed CRRT dose Controlling for other variables 0.975 0.717 1.325 0.871 100.0 ~|_LI-
Summary - Flow Rates 0.975 0.372 2.557 0.959 ‘
0.01 0.1 1 10 100
Favours Alternative Favours Control
. Hazard ratio and 95% CI
Study name Subgroup within study Control Group H%%F‘o"d Lﬁmﬁ" Uﬁ,ﬂﬁ" p-Value 53!8;{‘(6
Fuetal, 2014 Ultrafiltration rate (ml/h) Controlling for other variables 1.000 0.998 1.002 1.000 45.8 !
Hwang et al, 2013 Fluid Removal Rate Controlling for other variables 1.001 1.000 1.002 0.050 54.2
Summary - Flow Rates 1.001 0.998 1.004 0.723
0.01 0.1 1 10 100
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Fig. 9 Grouped estimated effect sizes for CRRT Modes, Pre vs Post Dilution CVWH and CRRT Fluid Dosing in relation to filter life
J
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0.798 0.545 1.169 0.246
1.027 0.455 2.321 0.949 100.0
1.027 0455 2321 0.949 ‘
0.01 0.1 1 10 100
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citrate anticoagulation) however the effect direction was
not consistent.

Lower pH was associated with longer filter life equat-
ing to a 59% (95% C.I. 10% to 59%) increase in filter sur-
vival rate per 0.lunit fall in pH. Zhang et al. [64] also
demonstrated statistical significance between Kaplan-
Meier curves for pH above or below 7.35 however inter-
actions between pH and other patient factors are not
explored.

Blood parameters (Fig. 13)

Blood count parameters demonstrated no significant
association between haemoglobin (or haematocrit) mea-
surements and filter life. There was inconsistency between

higher platelet counts and shorter filter life; amongst re-
sults reported as odds ratios the summary effect for higher
platelet counts reached statistical significance though het-
erogeneity was moderate (p < 0.0005, I* = 53.5%) whereas
the result for studies reporting a hazard ratio was not sig-
nificant. A single study suggested higher neutrophil
counts were associated with decreased filter life [41].

Receipt of a platelet or packed red cell infusion were
both associated with a reduction in filter life though plate-
let infusion did not quite reach statistical significance.

Coagulation parameters (Fig. 14)
A positive association between APTT and filter life
was observable amongst studies reporting as odds ratio
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Study name
Baldwin et al 1996
Leslie et al, 1996

Baldwin et al 2012

Rickard et al 2004

Study name
Reeves et al 1997

Study name
Nagarik et al, 2010
Panphanphoet al, 2011

Subgroup within study

Pre-Filter & Air Chamber Heparin Delivery

Access Line Heparin Delivery

Summary - Anticoagulant Site

Horizontal Bubble Trap
Summary - Bubble Trap
Fluid Warmer
Summary - Fluid Warmer

Subgroup within study
Albumin Prime
Summary - Albumin Prime

Subgroup within study
Saline Circuit Flushes
Saline Flushing

Blood Path Interventions & Filter Life Forest Plot

Control Group Qsles Luer URRE" pvalue e Qb i and 96% CI
Pre-Filter Heparin Delivery 1778 0671 4710 0247 349 —i—D_
Pre-Filter Heparin Delivery 0959 0678 1.357 0.815 65.1

1190 0541 2618 0.666
Vertical Bubble Trap 0578 0.179 1.870 0.360 100.0 —{}

0578 0.130 2560 0470
No Fluid Warmer 0816 0301 2211 0690 100.0 —

0816 0211 3.156 0.769

0.01 0.1 1 10
Favours Alternative Favours Control

Control Group HERRES R YRR pvaue SR a5 01
Saline Prime 0983 0.583 1.658 0.949 100.0 L

0.983 0.583 1.658 0.949

0.01 0.1

Favours Alternative
Saline Circuit Flushes & Filter Life Forest Plot
Qdfls LRUE" YURRY pvalue et
1532 0.631 3.721 0.346 443
0.916 0.466 1.800 0.800 55.7

Control Group
Heparin Infusion
No Saline Flushing

<

1

10
Favours Control

Odds ratio and 95% Cl

-
Blood Flow Rate & Filter Life Forest Plot
Study name Subgroup within study Control Group Qdls Lawe" UPRE | Value SBke Odds ratio and 95% Cl
Dunn & Sriram, 2014 Higher Blood Flow (per 100 mi/min) Controlling for other variables 0.718 0.591 0.874 0.001 53.0
Mottes et al, 2013 Higher Blood Flow (ml/min) Controlling for other variables 0.878 0.597 1.291 0.507 47.0
Summary - Blood Flow 0.789 0.400 1.558 0.495
Egi et al, 2005 CVVH Qb:150ml/min Citrate 14mmol/L, iCa 1.0-1.2 Qb:200ml/min Citrate 11, iCa 1.1-1.3 0.471 0.298 0.745 0.001 100.0
Summary - Blood Flow & Citrate Dose and iCa target 0.471 0.170 1.310 0.149
Eastwood et al, 2012 Slow initial pump speed Normal initial pump speed 2259 0.734 6.956 0.156 100.0
Summary - Reduced Initial Blood Flow 2259 0.530 9.622 0.270
0.01 0.1 1 10 100
Favours Alternative Favours Control
Study name Subgroup within study Control Group Hraaz"aord Lﬁ%ﬁr Uﬁ%ﬁr p-Value ‘I;(eelg i\(e Hazard ratio and 95% Cl
Ramesh Prasad et al, 2000 Qb 200-250ml/min & 30 min flush Qb 125ml/min & 60min flush 0.920 0671 1.262 0.605 100.0
Summary - Circuit Flushes & Blood Flow 0.920 0.671 1.262 0.605
de Pont et al 2006 (2) CVVH Post-Dilution & Qb 200ml/min CVVH Pre-dilution & Qb 140ml/min 1.027 0.455 2.321 0.949 100.0 b B
Summary - CRRT Pre & Qb 200ml/min vs Post & Qb 150ml/min 1.027 0.455 2.321 0.949
Choi et al, 2015 Blood Flow Rate (per 10 ml/min Controlling for other variables 1.116 0971 1.281 0.122 10.6
Dunn & Sriram, 2014 (HR) Blood Flow Rate (per 10 ml/min; Controlling for other variables 0.783 0.670 0.916 0.002 8.3 o
Fuetal, 2014 Blood Flow Rate (per 10 ml/min Controlling for other variables 0.708 0.433 1.157 0.168 0.8 —
Hwang et al, 2013 Blood Flow Rate (per 10 ml/min) Controlling for other variables 0.942 0.895 0.990 0.019 80.2
Summary - Increases in Blood Flow Rate per 10 mi/min 0.942 0.900 0.985 0.009 ‘
0.01 0.1 1 10 100
Favours Alternative Favours Control

100

100

Summary - Circuit Flushes

Subgroup within study

Flushing Frequency

Qb 200-250ml/min & 30 min flush
Summary - Circuit Flushes

Control Group

Controlling for other variables
Qb 125ml/min & 60min flush

Study name
Hwang et al, 2013
Ramesh Prasad et al, 2000

Fig. 10 Grouped estimated effect sizes of blood flow and blood pathway interventions associated with filter life. HR denotes the re - analysis of
Dunn and Sriram, 2014 [23] using a Cox proportional hazards model. Qb denotes blood flow
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studies (p =0.034) with a 1 s increment increasing the
odds of filter survival by 1.17. However an inconsist-
ent trend toward shorter filter life reached significance
for pooled hazard ratios though clinically insubstantial
(odds of failure increase by 1.004 for each second in-
crease). Heterogeneity for APTT was moderately high
>=75.9%. INR and prothrombin time (PT) subgroups
were inconsistent in effect direction. Utilising eleva-
tions in prothrombin fragment F1 + 2 to measure anti-
coagulation had a positive association with increased
filter life [72].

Fresh Frozen Plasma (FFP) administration was associ-
ated with a non-significant increase in the failure rate
however this was only reported in one study [53].

Of interest were studies [32, 33, 35, 67, 73] reporting
heparin resistance from low anti-thrombin III levels
(AT-III). Higher AT-III levels trended to longer filter life,
reaching significance in one study [33] while correction
of AT-III deficiency was associated with a pooled 18.8%
increase in filter life.

The presence of platelet-factor 4 antibodies (PF4)
against heparin was significant in one study [74] which
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Study name

System Management and Education Dosage & Filter Life Forest Plot

Subgroup within study

Wang et al. 2014

Kim et al. 2010

Mottes et al, 2013

Alarm Incidence with Mobilisation

Summary - Alarm Frequency
Mechanical Failure

Summary - Mechanical Failure
Simulation Education

Summary - Education

Control Group

Controlling for other variables

Non-Mechanical Failure

Didactic Education

Odds Lower U Relat
B R URRR pvalue aghe

ratio
11.666
11.666
3.665
3.665

2432 55947 0.002 33.1
1.901 71.586 0.008 33.1
1.504 8.927 0.004 66.9
1.024 13.119 0.046 66.9

Odds ratio and 95% Cl

Study name Subgroup within stud Control Group

Page et al, 2014
Summary - System Implementation

Citrate + Education + Survival Plan + Lower Dose + CVVHD  Heparin + CVVH Baseline

Fig. 11 Grouped effect estimates of system management factors and education interventions associated with filter life
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went on to demonstrate filter life comparable to non-
PF4 positive patients after switching from heparin to
danaparoid.

Higher fibrinogen levels were inconsistent in associ-
ation with filter life with no effect reported by Stefanidis
et al. [73] however a 50.8% increase in the failure rate
for each 1 g/L increase in fibrinogen reported by Fu et al.
[41] (p < 0.005).

Mobilisation and position (Fig. 14)

A single study by Wang et al. [36] challenged the widely
held belief that CRRT should be stopped for physiother-
apy however the small numbers and trial design is open
to observation bias. Another recent study by Toonstra
et al. [75] affirmed that patient safety with CRRT and
mobilisation can be maintained with care.

Kim et al. [37] explored the fraction of time patients
spent in various positions with femoral vascular access
and did not show a favoured side however that the
supine position was used in nearly 50% of observations.
Unfortunately, they did not report the interaction
between position and left or right femoral catheters.

Discussion

This systematic review identified all published studies
presenting comparisons of non- anticoagulant factors in
relation to filter life. Overall filter life amongst included
studies was less than 24 h with wide variation and well
short of the multiple days that many filters can last. An
interpretative summary of findings is presented in
Table 5.

Vascular access

Insertion of vascular access devices for CRRT is a
very common occurrence however data to guide opti-
mal catheter site is not strong. The heterogeneity in
filter life between femoral and internal jugular siting

suggest that unstudied factors such as timing of de-
vice in relation to severity of illness, patient factors
(such as siting the device in a femoral location for
sedation patients or upper body for upright patients)
and operator experience may be important. Studies
using time to catheter dysfunction [28, 76] as the out-
come have similarly mixed results though the only
randomised study found no difference [28] between
femoral and jugular. Further analysis of large datasets
may provide clarity — in particular studies are
required that report the order of catheters.

Of interest was the result from Wang et al. [36] that
patient mobilisation was not associated with any differ-
ence in filter life between femoral and non-femoral
catheter sites. CRRT practice has typically minimised
patient mobilisation but it could be safe and feasible
without therapy interruption [36, 75]. More studies are
needed to guide optimal siting of devices in recovering
patients in order to allow ambulation while undergoing
CRRT.

The randomised study by Morgan [26] demonstrating
superiority of atrial over superior vena cava placement
may suggest that studies where the femoral site was
found superior could have found less difference if thor-
acic catheter location had been accounted for. Similarly,
the advantage of tunnelled devices may result from the
more frequent use of live x-ray positioning to ensure
optimal placement during insertion as opposed to only
follow up x-rays for tip placement for placement within
intensive care units.

Offsetting any advantage to filter life of femoral or
jugular catheter placement over subclavian access is the
possibility of a lower infection risk at subclavian sites
[77-79]. However subclavian access is associated with
an increased risk of strictures with one study reporting
this event in 50% of subclavian veins from short term tem-
porary dialysis catheter placement [80]. Our conclusion is
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Fig. 12 Baseline patient data, pathology and illness severity associations with CRRT filter life. Effect estimates are grouped by category. Studies

reporting as difference in means, correlations or risk are summarised in odds ratios. Hazard ratios are presented separately




Brain et al. BMC Nephrology (2017) 18:69 Page 20 of 27

i istry F & Filter Life Forest Plot
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Summary - RBC transfusion 0.560 0351 0.893 0.015 |
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Fig. 13 Biochemistry and blood parameters associated with CRRT filter life
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Summary - AT levels 1628 0.758 3496 0.212
Fibrinogen, mg/dL. 0982 0.383 2518 0.970 100.0
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INR 0885 0.728 1.075 0219 293
INR 1231 0786 1930 0364 97
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Choi et al, 2015 APTT (sec) 0.991 0.985 0.996 0.001 258
Fuetal, 2014 APTT (sec) 0.975 0.959 0.991 0.002 46
Hwang et al, 2013 APTT (sec) 1.000 0.997 1.003 1.000 43.8
Zhang et al, 2012 APTT (sec) 1.000 0.990 1.010 1.000 10.3
Summary - APTT 0.996 0.992 0.999 0.020
etal, 2005 1 (1u/mL) 4673 1.412 15.466 0.012 100.0
Summary - AT Activity 4.673 1.412 15.466 0.012
Fuetal, 2014 Fibrinogen (g/L) 0663 0.533 0.825 0.000 100.0
Summary - Fibrinogen 0.663 0.533 0.825 0.000
Dunn & Sriram, 2014 (HR) INR 0.993 0.977 1.010 0435 100.0
Fuetal, 2014 INR 42.796 1.086 1686.33B045 0.0
Ramesh Prasad et al, 2000 INR 0.250 0.018 3.487 0.303 0.0
Summary - INR 0.993 0.976 1.011 0.454
Choi et al, 2015 PT (sec) 1.011 0.988 1.034 0.346 59
Fuetal, 2014 PT (sec) 0.995 0.976 1.015 0616 78
Hwang et al, 2013 PT (sec) 0.998 0.994 1.002 0328 84.2 ]
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Zhang et al, 2012 PT (sec) 1.020 0.980 1.063 0.332 19
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Study name Subgroup within study Effect Size & Significance Odds ratio and 95% CI
Odds Lower Upper Relative
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Wang et al. 2014 Mobilisation - March on Spot 4.327 1.067 17.5450.040 332
Wang et al. 2014 Mobilisation - Passive Movements 7.995 1.791 35.691 0.006 29.2
Wang et al. 2014 Mobilisation - SOEOB 1.744 0469 6486 0406 376
Summary - Mobilisation 3.677 1.627 8.310 0.002 -
Kim et al. 2011a Left lying % 0.862 0.586 1.270 0454 25.0
Kim et al. 2011a Right lying % 1.197 0.812 1.763 0.363 25.0
Kim et al. 2011a Sitting % 0.983 0.667 1.447 0929 25.0
Kim et al. 2011a Supine % 0.900 0.611 1.326 0.595 25.0
Summary - Position 0.977 0.785 1.217 0.839
Wang et al. 2014 Control Arm Number of Position Changes 4.793 0.691 33.229 0.113 38.2
Wang et al. 2014 Mobilisation Number of Position Changes 8.944 1963 40.752 0.005 61.8
Summary - Position Changes 7.048 2.116 23.477 0.001
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Fig. 14 Coagulation and Position/Mobilisation parameters associated with CRRT filter life
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Table 5 Summary of findings table

Outcomes Impact Ne of participants Quality of the evidence
(studies) (GRADE)
Vascular Access interventions to prolong filter life in CRRT
Temporary Vascular Access Site Optimal vascular access site ranked by association with (9 observational studies)
longer filter life is: tunneled semi-permanent, femoral or VERY LOW *P¢
internal jugular, subclavian site.?
Tunneled Semi-permanent Tunneled semi-permanent vascular access devices were (4 observational studies)
Catheters vs Temporary Catheters  consistently associated with longer filter life. A significant LOW P<

confounder is that these devices were often larger internal
diameter than temporary devices however on the basis of
current literature they should be considered in any cases
expected to have prolonged CRRT requirement

Side of Vascular Access Catheter  Overall there is insufficient data and possibility of significant (3 observational studies)
confounding by order of catheter choice such that optimal LOW @
side of vascular access cannot be determined

Catheter length at thoracic vein Favours longer catheter length with atrial placement when (1 RCT)

sites thoracic veins utilised. Single study only however unlike most MODERATE ¢
filter life studies this was randomized. No increased in
arrhythmias with longer catheter length however
underpowered to detect complications.

Catheter lumen size Only one small study directly measured filter life with (3 observational studies)
catheter size however indirect measures VERY LOW <€
(increased renal dose) in RENAL study supports catheter size
as important. Possible benefit from tunneled access may
be due to catheter size

Number of vascular access related Number of vascular access alarms is likely a significant (1 observational study)
alarms contributor to poor filter life however data is limited VERY LOW ¢
Access Catheter Type No significant difference between brands of catheters (4 observational studies)

though trend existed. Tunneled catheters were superior LOW Ped

to temporary catheters
Circuit Management Interventions to Prolong Filter Life in CRRT

Haemofilter Membrane Hollow fibre membranes appear superior to flat plate (8 observational studies)
Characteristics membranes. It is unclear if an advantage exists for VERY LOW "
polyacrylonitrile membranes compared to polysulfone or
cellulose membranes in regards to filter life. Membrane area
was not associated with increased filter life in a single study.

CRRT Modality CWH is associated with worse filter life in published studies (7 observational studies)

Low'

Pre vs Post Dilution in CVWH One small RCT favoured pre-dilution. Overall affect from all (4 observational studies) )
studies trended toward pre-dilution but did not reach VERY LOW '
significance.

Blood Flow Rate Majority of trials suggest a higher blood flow rate increases (9 observational studies) )
filter life however it is unclear over what range this applies. VERY LOW '
Studies directly comparing low and high blood flow are
required.

Saline Flushes to Blood Path There is no evidence to support intermittent saline flushing (4 observational studies) )
of the circuit to prolong filter life VERY LOW '

Education and Alarm Limited evidence suggests focused training to recognise (4 observational studies) )

Management and respond to filter warnings prolongs filter life VERY LOW '

Patient Factors associated with prolong filter life in CRRT

Factors with a positive association  Increasing age (NS), Presence of vaso-active drugs (NS) f )
with filter life lower pH (sig), Higher APTT (sig), Higher ATIII level (NS), VERY LOW Pi<
Correction of ATIII deficiency (sig), Mobilization (sig) f
Number of position changes (sig)
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Factors with a negative

association with filter life f

temperature (NS)

, Liver failure with bilirubin >3 mg/dL

Being male (NS), Mechanical Ventilation (sig) f Increased

VERY LOW D€

(NS) f Presence of Sepsis (NS) f Higher SOFA score (sig) f
Higher LOD score (sig) f Unit increase in ionized calcium
(sig), Higher platelet count (sig), RBC transfusion (sig) f
Platelet transfusion (NS) f, FFP transfusion (NS) ,

PF4 antibodies ', Elevated fibrinogen (sig) f

Prothrombin fragment (F1 + 2) elevation f

GRADE Working Group grades of evidence:

High quality: We are very confident that the true effect lies close to that of the estimate of the effect
Moderate quality: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but there is a

possibility that it is substantially different

Low quality: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect
Very low quality: We have very little confidence in the effect estimate: The true effect is likely to be substantially different from the estimate of effect

Significant heterogeneity exists and potential for confounders

bTiming of catheters during admission has not been studied. Other factors such as choice of catheter length, insertion technique/operator experience at different

sites and catheter size at different sites may bias results
“Heterogeneity across small observational studies
4Unblinded (however unavoidable) however unlikely to affect results

®One direct study, strong suggestion that the benefit of tunneled access could be due to catheter size, large RCT post hoc suggests larger size important

fSingle study, low numbers
9Before - after studies with significant risk of other practice changes

"Mixed composite of varying quality and study designs with no direct comparison between groups

fSome studies used composite interventions
Mostly small observational studies with high risk of bias

that subclavian placement should remain the last choice
of site.

Infection rates rise most per catheter day for femoral
and jugular sites [77, 79] thus we suggest that in patients
where CRRT is anticipated to extend beyond 7-10 days
a tunnelled semi-permanent device via an internal jugu-
lar vein could offer the optimal filter life with minimal
infection risk.

Femoral sites may also predispose to an increased risk
of deep venous thrombosis though this finding is not
universal [81, 82]. The clinical risk of lower limb deep
vein thrombosis however is greater than upper limb
thrombosis.

Variations in catheter design have been extensively de-
scribed [1-3, 83]. This meta-analysis does suggest a
trend toward some catheter designs being superior how-
ever to date studies have been small and at high risk of
confounding and bias. Future catheter technology ideally
should be subject to more rigorous comparisons.

Circuit factors

The evidence base for justifying decisions regarding op-
timal CRRT mode of therapy is weak though CVVHD-F
does appear to offer superior filter life to CVVH consist-
ently in all studies. Even this conclusion is complicated
by multiple interacting factors including anticoagulation
choice, blood flow determination, nursing expertise and
vascular access.

The literature remains unclear in regards to optimal
choice of haemofilter membrane despite several evolu-
tions of this technology. Recent advances such as hep-
arin bonded surfaces to minimise cytokine activation

and activation of clotting do not have a strong evidence
base to demonstrate superiority in regards to filter life
though as individual study authors point out, any effect
may be synergistic with choice of anticoagulation [43].
Advantages of improved biocompatibility may not be
evident in filter life but in overall patient tolerance with
an endotoxic shock model in dogs suggesting improved
haemodynamic function with polyacrylonitrile over poly-
sulfone [84] membranes.

Factors such as utilising larger surface area haemofil-
ters to gain longer filter life require more data to dem-
onstrate if any benefit exists from either a filter life, cost
or performance perspective. Larger area membranes in-
crease clearance of solutes and for the same flow rates
facilitate more rapid restoration of physiologic electro-
lytes however patient outcome studies are required to
determine if this translates to clinical improvement.
Conversely there seems little evidence to support saline
flushes of circuits used with or without anticoagulation
and theoretically this practice may expose the blood path
to increased risk of microbial contamination.

There is scope to further investigate optimal blood
flow rate in larger datasets or randomised studies while
controlling for consistency in anticoagulation and vascu-
lar access as this is a simple parameter to adjust that
affects both membrane performance and, our results
suggest, filter life. Such studies should also address alarm
frequency as blood flow increases as we hypothesise that
any benefit would reach a maximum after which the
frequency of access pressure alarms would increase.

Only two studies were found focussing on change
management and strategies for staff managing CRRT
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despite this therapy consuming significant human re-
sources with frequent bag changes, alarms and poor filter
life predominating. Approach to alarms, catheter position-
ing, choice of blood flow and general trouble shooting
likely varies widely yet has been only touched upon spar-
ingly in filter life studies.

Patient factors

Patient factors associated with filter life are summarised
in Table 5 and in general result from a weak evidence
base. Many factors that positively influenced filter life
are biologically feasible though the trend in a single
study of mobilisation improving filter life requires
replication.

No studies reported subgroup analysis where indices
of body mass index (BMI) were assessed for an effect on
filter life. Similarly, no studies described the effects of
patient sedation and only one study described an inter-
action with ventilation despite both factors appearing at
the bedside to influence CRRT interruptions.

More work is required in the group with coagulation
disorders such as decreased anti-thrombin (heparin
resistance), PF4-heparin antibodies and elevated fibrino-
gen. ‘Clotty’ patients have long been recognised as detri-
mental to CRRT and though the recent expansion of
alternatives to heparin (particularly citrate anticoagula-
tion) have broadened therapeutic options these patients
still present a challenge frequently cycling through
different strategies empirically or unique un-trialled
interventions such as plasma exchange for frequent
circuit failure with hyperfibrinogenemia [85].

Limitations

Future data may clarify if effects such as increasing
temperature being negatively associated with filter life
remain significant. By not randomising for these out-
comes there is a significant risk of unquantified bias
explaining the effect or multicollinearity where the ob-
served effect is actually tracking another measured or
latent variable [22, 25, 86, 87]. For example, the trend
toward shorter filter life with elevated temperature may
track with the trend for sepsis and poor filter life. Given
that CRRT typically suppresses body temperature in all
but the hottest patients this is particularly possible.

Risk of type I error also exists with an example being
APTT where the effect size for a unit increase in APTT
though statistically significant appears small (and in some
studies in an unexpected direction). Higher APTT values
would biologically be expected to prolong extracorporeal
circuit life however it is an important variable that practi-
tioners of CRRT control or target toward fixed values thus
it is not a ‘free’ variable in the regression [86].

The overall quality of evidence from studies is low
with few randomised studies and none of significant size.
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For many variables, effect sizes were extracted from sub-
analysis utilising either multiple regression or Cox pro-
portional hazards models and this poses limitations on
interpretation. For isolated statistically significant find-
ings from single sub-analysis there is a risk of the effect
resulting from pure chance i.e. a type II error — however
if an association is biologically plausible and is consistent
across several studies then it is a strength of meta-
analyses that it won't be dismissed.

This systematic review highlighted the dearth of ran-
domised studies to guide practice and the overall low
quality of most studies. A significant risk of publication
bias exists given the 102 anti-coagulant comparison
studies in CRRT each of which would have had vascular
access, circuit and patient properties that was only
presented in sub-analyses of 10 studies — we deemed it
impractical to pursue this volume of unpublished data.
Given the limitations above the findings of this meta-
analysis should be considered as a summary of published
data and remain hypothesis generating.

The diversity of current practice and limited numbers
of large controlled trials significantly hamper interpret-
ation of findings. However, many effects that reached
significance are largely consistent with clinical experi-
ence and highlight where clinical decision making and
future studies should consider the existing data such as
around timing of transfusions, involvement of mobilisa-
tion and coagulation strategies in septic patients.

This review is useful in highlighting the weak under-
pinnings of current clinical practice in this area. Filter
life is an objective measurement that can readily be
followed within a unit as a quality control and under-
standing factors that influence variability will aide im-
provements of this index.

This review also highlighted some omissions in the
literature; though studies have looked at operator experi-
ence and ultrasound guided insertion in relation to
vascular access complications [88-90], filter life has not
been assessed as an outcome of ultrasound guided cath-
eter placement. Studies of alarm frequency by catheter
site and interactions with patient position need further
investigation. No studies reported on an interaction be-
tween catheter site and body habitus in regards to filter
life — we postulate that patients with centripetal obesity
may be more likely to receive jugular catheters and this
may interact with filter life. No studies looked at
catheter care and locking in relation to filter life.

Conclusion

Despite the improvements in device technology and
usability, filter life remains highly variable across pub-
lished literature. This is somewhat unsurprising given
the myriad of interacting patient, vascular access site
and type and circuit factors. Perhaps more surprising is
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the absence of strong guiding evidence outside of anti-
coagulation strategies after over 20 years of therapy
delivery. Significant ongoing data collection is required
to elucidate the optimal technological and management
strategies to enhance current delivery of care to provide
optimal performance with minimal disruption at the
least cost.
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