JECT. 2014;46:197-211
The Journal of ExtraCorporeal Technology

Review Article

Attenuating the Systemic Inflammatory Response to Adult
Cardiopulmonary Bypass: A Critical Review of the Evidence Base

R. Clive Landis, PhD;* Jeremiah R. Brown, PhD;{ David Fitzgerald, CCP;#
Donald S. Likosky, PhD;§ Linda Shore-Lesserson, MD, FASE;||
Robert A. Baker, PhD, CCP;J John W. Hammon, MD**

*Edmund Cohen Laboratory for Vascular Research, The University of the West Indies, Bridgetown, Barbados, 1 The Dartmouth Institute
for Health Policy and Clinical Practice, Geisel School of Medicine at Dartmouth, Lebanon, New Hampshire; fINOV A Heart and
Vascular Institute, Indiana OV A Fairfax Hospital for Children, Falls Church, Virginia; the $§Department of Cardiac Surgery, University
of Michigan, Ann Arbor, Michigan; the [[Department of Anesthesiology, Hofstra Northshore-LI] Medical School, New Hyde Park,
New York; {Cardiac Surgery Research and Perfusion, Flinders University and Flinders Medical Centre, Adelaide, South Australia;

and the **Department of Cardiothoracic Surgery, Wake Forest University School of Medicine, Winston-Salem, North Carolina

Abstract: A wide range of pharmacological, surgical, and
mechanical pump approaches have been studied to attenuate
the systemic inflammatory response to cardiopulmonary bypass,
yet no systematically based review exists to cover the scope of
anti-inflammatory interventions deployed. We therefore con-
ducted an evidence-based review to capture “self-identified”
anti-inflammatory interventions among adult cardiopulmonary
bypass procedures. To be included, trials had to measure at least
one inflammatory mediator and one clinical outcome, specified
in the “Outcomes 2010” consensus statement. Ninety-eight papers
satisfied inclusion criteria and formed the basis of the review. The
review identified 33 different interventions and approaches to
attenuate the systemic inflammatory response. However, only a
minority of papers (35 of 98 [35.7%]) demonstrated any clinical
improvement to one or more of the predefined outcome mea-
sures (most frequently myocardial protection or length of inten-
sive care unit stay). No single intervention was supported by
strong level A evidence (multiple randomized controlled trials
[RCTs] or meta-analysis) for clinical benefit. Interventions at
level A evidence included off-pump surgery, minimized circuits,

biocompatible circuit coatings, leukocyte filtration, complement
C5 inhibition, preoperative aspirin, and corticosteroid prophy-
laxis. Interventions at level B evidence (single RCT) for mini-
mizing inflammation included nitric oxide donors, C1 esterase
inhibition, neutrophil elastase inhibition, propofol, propionyl-L-
carnitine, and intensive insulin therapy. A secondary analysis
revealed that suppression of at least one inflammatory marker
was necessary but not sufficient to confer clinical benefit. The
most effective interventions were those that targeted multi-
ple inflammatory pathways. These observations are consistent
with a “multiple hit” hypothesis, whereby clinically effective
suppression of the systemic inflammatory response requires hit-
ting multiple inflammatory targets simultaneously. Further
research is warranted to evaluate if combinations of interventions
that target multiple inflammatory pathways are capable of syner-
gistically reducing inflammation and improving outcomes after
cardiopulmonary bypass. Keywords: Inflammation, systemic—
CPB, inflammatory response, complications and management—
CPB, equipment, inflammatory inhibitors, outcomes. JECT.
2014,46:197-211

A systemic inflammatory response is triggered in
patients undergoing cardiothoracic surgery with cardio-
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pulmonary bypass (CPB) as a result of the combination of
surgical trauma, activation of blood components in the
extracorporeal circuit, ischemia/reperfusion injury, and
endotoxin release (1-4). There is evidence for activation
of all the body’s major host defensive pathways, including
complement, coagulation, kinins, fibrinolysis, leukocytes,
platelets, and inflammatory cytokines (4-13). This broad
wave of systemic activation has been linked to adverse
clinical outcomes ranging from mild adverse effects (fever
or diffuse tissue edema), to moderate adverse effects
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(pathological hemodynamic instability or coagulopathy),
to severe complications (acute organ injury requiring
mechanical support), and even mortality (14-16).

A variety of approaches have been adopted in an
attempt to limit the systemic inflammatory response to
CPB. These include modifications to CPB equipment such
as filters to remove inflammatory leukocytes or soluble
mediators, minimized circuits to reduce surface area, coat-
ings to improve the biocompatibility of extracorporeal
surfaces, or the elimination of CPB altogether with off-
pump coronary revascularization procedures. A range of
pharmaceutical interventions has also been investigated
such as steroidal and nonsteroidal anti-inflammatories,
complement inhibitors, protease inhibitors, antifibrino-
Iytics, anesthetic regimens, antioxidants, and others. Pre-
vious evaluations of the evidence base have been limited
to meta-analyses or database reviews for a single interven-
tion such as steroids or biocompatible surface coating, but
there has been no systematic evaluation of the literature
covering the complete range of anti-inflammatory strate-
gies deployed.

The Society of Thoracic Surgeons (STS) Perfusion Guide-
line Writing Group is a multicountry, multi-institution
initiative tasked with producing evidence-based clinical
guidelines on a range of practices affecting outcomes in
CPB such as temperature management, renal protection,
blood conservation, and anti-inflammatory interventions.
An immediate challenge faced by the Inflammation Writ-
ing Group was the fact that a previous analysis of the
evidence base of pharmacological strategies to attenuate
the inflammatory response (17) had reported that only a
small minority of papers measured any traditional clinical
end points (e.g., death, myocardial infarction, stroke). The
problem is compounded by small sample sizes pervading
the inflammation literature (median sample size: n = 40)
(18), implying that there may not be adequate statistical
power to analyze hard clinical end points. A review pro-
cess covering multiple peer reviews from cardiothoracic,
cardiac anesthesia, and perfusion journals as well as guide-
line writing committees of the STS, The Society of Cardio-
vascular Anesthesiologists, and The American Society of
Extracorporeal Technology eventually concluded that the
evidence base would be insufficient to recommend clinical
practice guidelines for anti-inflammatory interventions
based on traditional clinical end points.

The Inflammation Writing Group has therefore under-
taken a critical review of the literature to illustrate the
scope of interventions and approaches being deployed in
the field to highlight promising areas of research and iden-
tify gaps in the literature. In this review, surrogate markers
of organ dysfunction and measures of hospital resource
use, defined in the “Outcomes 2010 consensus statement,
were accepted as outcomes (19), and studies had to “self-
identify” as being related to the systemic inflammatory
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response. Finally, studies had to measure at least one
inflammatory marker using a relaxed definition of that
term to include markers of complement activation, coagu-
lation, kinins, oxidative stress, endothelial activation,
white cell activation, white cell count, or a range of soluble
inflammatory mediators. These inclusion criteria yielded a
rich evidence base consisting of 98 papers covering a wide
range of interventions and approaches to reduce the
inflammatory response after adult CPB.

The purpose of this review was to identify gaps in the
literature, inform further research, and to critically evalu-
ate the strength of the evidence base for practices capable
of attenuating the systematic inflammatory response and
their relationship to clinical outcomes.

MATERIALS AND METHODS

Literature Search

The literature search was designed to capture clinical
trials reporting on the inflammatory response to adult
CPB together with clinical outcomes or surrogate markers
for organ injury to five index organs: heart, lung, brain,
kidney, and gut. The search terms (Appendix A) recov-
ered >1600 articles in PubMed.

Abstract and Paper Reviews

A title review narrowed the search to 602 abstracts that
were submitted for more detailed analysis using the
Guideliner™ reviewing software (www.Guideliner.org/default
.aspx, accessed September 15, 2014). All abstracts were
reviewed in duplicate by independent reviewers, of which
236 were selected for full paper review. To be included,
trials had to measure at least one clinical outcome and one
inflammatory mediator. The inclusion criteria were as fol-
lows: randomized clinical trial (RCT) or meta-analysis, adult
CPB, cardiac surgery, perioperative intervention, published
2002-2011, measured at least one inflammatory marker or
used an established anti-inflammatory strategy (e.g., steroid
or nonsteroidal anti-inflammatory drug), and measured at
least one prespecified clinical outcome (defined by “Out-
comes 2010” Consensus Statement) (19). The rules for
deciding on inclusion/exclusion of papers were based on the
Methodology Manual and Policies From the American Col-
lege of Cardiology Foundation/American Heart Association
(ACCF/AHA) Task Force on Practice Guideline (http://
assets.cardiosource.com/Methodology_Manual_for_ ACC_
AHA_Writing_Committees.pdf); hence, any one reviewer
could select an abstract for inclusion in a full paper review,
but at least two reviewers had to agree to exclude a paper.
The same rules applied at the paper review stage with two
reviewers needing to agree whether to exclude a paper.
These rules were incorporated into Guideliner™ and the
following reviewers performed abstract and paper reviews:
R.CL., JRB., DS.L., and D.F. These same individuals
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decided on whether an intervention achieved a clinical ben-
efit. The assessment of clinical benefit was derived from
review of each paper with regard to number of subjects
studied, quality of the biomarker data, clinical outcomes
achieved, and the strength of the statistical associations for
reduced inflammation and clinical outcomes. The assign-
ment of Level of Evidence used ACC/AHA guidelines
(20). Any discordance between two reviewers was discussed
and resolved if necessary by an independent third reviewer
(J.H. and LS.L.).

RESULTS

Synthesis of the Evidence Base

The literature search identified over 1600 papers, of
which 602 abstracts were selected based on title review
for entry into the Guideliner™ database. The Guideliner™
reviewing software was used in all subsequent steps for
synthesizing the evidence base. Of 602 abstracts, 236 were
selected for full paper review (Figure 1). After verifying
inclusion/exclusion criteria 98 papers made up the final
evidence base (listed in the Appendix B). These covered
three broad categories of intervention: surgical and peri-
operative management (19 papers), perfusion-related
(35 papers), and pharmacological (44 papers). Thirty-five
of the 98 papers demonstrated a clinical benefit and were
distributed approximately evenly across the three catego-
ries (Table 1). The total number of patients forming the
evidence base was 17,676. The complete list of interven-
tions and their associated level of evidence is summarized
in Table 2. An analysis of the most relevant interventions
according to the strength of evidence follows.

!

602 Abstracts reviewed

U

236 Papers reviewed

|

98 Papers met inclusion criteria:
constitutes the evidence base

IV

35 Papers “YES” 63 Papers “NO”
clinical benefit clinical benefit

Table 1. Summary of evidence base.

Percentage with

Category of Intervention Number of Papers Clinical Benefit (%)

Surgical/perioperative 19 6/19 =31.6%
management

Perfusion-related 35 11/35 =31.4%

Pharmacological 44 18/44 = 40.9%

Total 98 35/98 = 35.7%

Evidence Level A (multiple randomized controlled trials)

Off-Pump Surgery: There were 10 RCTs on off-pump
coronary revascularization surgery (Table 2). Four of the
10 papers demonstrated a clinical benefit. The studies
were not uniform, however, in that they differed with
respect to heparin dosing, and the control CPB groups dif-
fered with respect to circuit volume and use of cardioplegia.
There was considerable heterogeneity in the reporting of
inflammatory biomarkers with each of the 10 studies mea-
suring a different set of markers that reflected inflamma-
tion. A best available summary of the evidence suggests
that the use of OPCAB may reduce myocardial injury
(troponin and CKMB), but this could not be linked in
an obligate relationship with inflammatory suppression.
Whereas the four studies with improved clinical outcome
did show inflammatory suppression, three other studies
with suppressed inflammation did not achieve a clinical
benefit. The median sample size for the OPCAB studies
was 50, reinforcing the thin evidence base even for this
relatively well studied intervention.

Minimized Extracorporeal Circulation: There were
eight RCTs on approaches to minimize the surface area of
the extracorporeal circuit, and three of these eight achieved

[ >1600 papers identified in 1_} >1000 REJECTED
literature search 2002-2012 on title review
366 REJECTED on
abstract review
5 138 DID NOT meet

Figure 1. Synthesis of the evidence base. This illustra-
tion shows how the final 98 articles comprising the
evidence base were derived from the original search
strategy and what proportion achieved a clinical benefit.
Guideliner™ is a bespoke reviewing software specifically
purposed for this review process.
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Table 2. Summary of interventions and level of evidence.

Level of
Category of Intervention Intervention Evidence
Surgical/perioperative  Off-pump coronary Level A
management revascularization
Preoperative aspirin Level A
Preoperative fluvastatin Level B
Left ventricular assist Level B
Intensive insulin therapy Level B
Continuous ventilation Level B
No cardioplegic arrest Level B
Perfusion-related Minimized extracorporeal circuit Level A
Biocompatible circuit coating Level A
Leukocyte-depleting filter Level A
Ultrafiltration Level B
Pericardial blood processing Level B
Discard mediastinal blood Level B
Pharmacological Steroids Level A
Complement inhibitors Level A
Cl1 esterase inhibitors Level B
Neutrophil elastase inhibitors Level B
Nitric oxide donors Level B
Propofol Level B
Sevoflurane Level B
Aminophylline Level B
Propionyl-L-carnitine Level B
Hydroxyethyl starch in prime Level B
Gelatin colloid Level B
Aprotinin Level B
Adenosine Level B
Ethyl pyruvate Level B
Erythropoietin Level B
Taurine Level B
Glutamine Level B
N-acetyl cysteine Level B
Dual-dose tranexamic acid Level B
Lidocaine Level B

clinical benefit (Table 3). Again there was heterogeneity in
the range of inflammatory biomarkers studied and again
there was no clear linkage between suppression of inflam-
mation and clinical outcome; hence, the three studies with
improved clinical outcome had suppressed inflammation,
yet three other studies with suppressed inflammation did
not show clinical improvement. The median sample size
for this intervention was 45.

Biocompatible Circuit Coating: There were 14 RCTs
examining different biocompatible surface coatings of
which six indicated a clinical benefit (Table 3). Heparin
was the most widely studied biocompatible coating plus
one paper was a direct comparison of two different types
of heparin-coated circuits. Poly-2-methoxyethylacrylate
and amphophilic silicone—caprolactone oligomer were also
studied as surface coatings. The same pattern between
inflammatory suppression and clinical outcome was
observed with 12 papers reporting inflammatory suppres-
sion but only six reporting a clinical benefit. Median sam-
ple size was 38.

Leukocyte-Depleting Filters: There were eight RCTs
studying leukocyte depletion, seven of which used the
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same arterial line leuko-depleting filter. Two of these
eight studies were assigned a clinical benefit. Although
leukocyte numbers were diminished by leukofiltration,
inflammatory markers and leukocyte activation status
were increased. Median sample size for this intervention
was 36.

Corticosteroids: There were 13 RCTs and one Cochrane
database review (21) on steroid interventions. The
Cochrane meta-analysis was adequately powered (n =
3615) to study hard clinical end points and reported no
clinical benefit on mortality or myocardial and pulmonary
complications (21). Among the 13 RCTs, three were
assigned a clinical benefit (Table 4). Individual steroid
regimens showed a clinical benefit in only two of six stud-
ies of methylprednisolone, one of six studies of dexameth-
asone, and not at all in a hydrocortisone trial. The steroid
RCTs were relatively small (median n = 30) and lacked
uniformity with distinct steroid dosing regimens used in 12
of the 13 studies. The dissociation between inflammation
and clinical outcome was quite marked with all but one
study showing inflammatory suppression but only three
studies able to demonstrate a clinical benefit.

Complement Inhibitors: Five RCTs investigated the use
of complement inhibitors, three of which found a clinical
benefit. Differences were noted between different comple-
ment targets. The C1 esterase inhibitor studies were nota-
ble for their study design, using patients undergoing
emergency coronary artery bypass grafting (CABG) and
for the compelling myocardial protection observed despite
a modest sample size (median n = 66). The multicenter
PRIMO CABG trial for C5 inhibition missed its primary
composite end point of 30-day mortality/myocardial
infarction in patients undergoing CABG but was able to
demonstrate significant improvement in the highest risk
patient group for the combined PRIMO CABG I and II
studies (n = 7353 in total).

Aspirin: There was one RCT and one meta-analysis for
aspirin given preoperatively (Table 3), and neither study
was able to demonstrate a clinical benefit. The meta-analysis
for preoperative aspirin use (n = 824) was statistically
significantly associated with worsened reoperative rates.
Aspirin and clopidogrel given until surgery in combination
with aprotinin during surgery did not affect clinical out-
come statistically, but there was concern about two deaths
in the treatment arm resulting from intestinal embolism in
this relatively small trial (n = 50).

Evidence Level B (single randomized controlled trial)

The full list of interventions at evidence level B is
included in Tables 3-5, but the most noteworthy interven-
tions are discussed.



201

EVIDENCE-BASED REVIEW OF THE SYSTEMIC INFLAMMATORY RESPONSE

"ouop Jou ‘d/Nj

‘uonenoIn [earodiooenxs [ewunw DA ‘uruodor
o1j100ds-oRIpIEd ‘UID ‘UONORI} A 9SEULy dunea1d ‘gN-3D Xojdwoo juswoeidwos jeuruiio) ‘g-q¢) uowodwos ) foseised [ydomnnou ‘gN un aIed dAISUOIUI ‘(D] 1030€] SISOIOU
Iown) ‘NI, JUNod [[99 POo[q AMYM ‘DA ‘URnofroul “ ‘urejord oanoear-) ‘I Sungerd ssedAq A1011e 1800100 ‘DY) ([EL1) PI[[OIIUOD PAZIWOPUERI ‘I )Y :posn SUONBIARIQQY

"dnous yusunean ur s102[qns jo roquinu = N,

«’oseg eouapIAy a1 Suisdwo)) seouaId)Y 86, :d XIpuaddy oy ur requinu oousId)aI 03 $19J01 [ | sjexorIq drenbs ul roquiny,

Keis NDT 10 “(0OTS) I3 IBW [RINOU ‘(JU) IodTew [e1] (TT02) 04vO
Amf[ur [erprescoAur 193[e jou pIp 3saire d13ordorpred noyim gJd ON oON It uelereN ‘10" (1) 3so1re o1391dorpies oN
Ae)S D] 10 SNIBIS UONBAIOR [[90 9FBAR[ JB[OQA[ROYDIUOIq [81] (6002) 0gv)
uo 199JJ° ou pey gJD NOYINOIY) UOTIB[IJUIA SNONUTIUO)) ON ON ¢ 3N ‘109 (1) uonemuoa snonunuo))
IoyIew [u ], pue £eis NI paaoidur :so39qeIp JO [£1] (0102) QA[RA
A103s1 ou yym syuaned ur (Jodoojoid puepiod) Aderoy) urnsuy Ul ‘AeIS NDI:SOX PANL ‘OT-T1I ‘9-TI:S°A  0S 3uoyyz ‘10Y (1) Adexoy) urnsur oAISUIUY
SOFURYD [RITUT[D JUBDTITUSTS ON [91] (0TOT) DgvD
*qdD [BUONUQAUOD "SA A1931INS 1183y Suneaq palsIsse VAT ON VANLL ‘8-TI ‘9-1I SO X 12 ouessel§ ‘10¥
JJOURq [EITUI[D 12YJ0 10 uonddjoid [erpresofw oN "DOFIN AN ‘¥ [s1] (6002) DdvO
0} paredwod (193uBYOX9 JBAY IO J0JBUSFAXO SnuIll) W AT ON DANL ‘O-T[ 'S°X 8¢ ouessels ‘1D
Ke3s ND] 1o syutodpua [edtur]o prey Aue saorduwr [v1] (z002) DdvO
jou p1p dund ferxe oerpiesenur yim payroddns Hgv) ON €D AN SOA  SOT SUASIN ‘I0d (€) 1SISSE IRNOLIIUQA 1J]
sodonjour 10J paoau pue ‘royIew [u], ‘Aeis N paroxdur sadoxour ‘Tuyo [¢1] (6002) oqgv)
Apueoyiudis (A1031ns 210J2q syoom ¢ Aep/3ur (o8) ureIseAn|j ‘Ke1s NDT SOA unooas-J 9[qn[os S0k €T ueyIog ‘10Y (1) uneiseanyy 2aneradoarg
WST[OqUID [RUNISAIUT (1) urunoxde
woJj SunNnsal syjeop omj Surpiesdal uIoouod ‘umnoide [z1] (s002) Dgv) aaneradorrad ‘joi3opidopo
aaneradorrad i ‘oaneradoard uoard [o13opidopd pue unndsy ON uonegordse jooield sox 67 yenmoyy ‘IO + urnidse oaneradoarg
asop w-Gz¢ e (70> d) sorel uoneradoal poussiom [11] (8002) DIVD/ATeA
M POIRIOOSSE A[JuedrjIugis A[[eonsne)s st utdse aanerodoald ON wd/N Tl ung  SISA[eue-BJON (1) utndse aaneradoaig
Ke)s ND] 10 uond9joId [RIpILdOAW UT 9FUBYD OU JINJIID [01] (6002) Dgv)
rearodiooenxe pozunjerurwr Yym dund-jjo jo uostredwo)) ON ON 0¢ BOTULIO,] ‘10
dnous dumd-go ur syutod pus [esrurpd [6] (6002) [3l:4%e)
pIeY 19730 10 AB)S DT UT SOTUBYD JUBIIITUSIS A[[BOTISTIB]S ON ON ON 0S yosymneq ‘10
dnoi3 juounean 1oy)e ut syutod pud pIey 1o Aeis NI 2Fueyd [8] (9002) Dgv)
ou {3y/3uw ¢ 10 T e urredoy urarosar ‘sdnois dund-jjo om], ON 6-9SD SOK 0T s1otuen() ‘I0d
dund-gjo [£] (+002) 09vD
sjutod pua [edrurpd 19Y)o 10 Aels D] Ul juswasoiduwr oN ON ON 9T SLIBSSI[O A ‘10"
sjutod pua [eo1uI[d I19Y30 I10 Aeis D] ul Juowdaorduwr ou [9] (+002) Dgv)
‘dnoi13 onuos se jreoy Suneaq dund-uo snsioa dund-J30 ON OINL ‘S-TI:S9K ST uepm ‘10
1gouaq ou :dnors dumd-jjo ur Leys N 10 [s] (€002) [3l:0%e)
‘osn odonour ‘Knfur erpresoAw ur juswosorduwr oN ON SSOI)S QAIJBPIXO SO G7 uewyes ‘I0d
uinpowoquiory) [¥] (0100) D9vD
duind-po poaoidwr Appuesijiugis 1049 pue Aeis ND] Ke1s DI SOA DINL ‘O-TI :SOK  C1 1es], ‘DY
sjutod puo [ed1uI]d I9Y)0 Ul juowasoxdwr ou nq urooas-ds ‘Ogm [€] (6002) ogv)
(TuL, pue gN-3D) dund-jj0 uonosjord [eipresoduwr Juedoyrusls UL ‘GIN-D SOX ‘D ‘§-TI oK OF OuBIIOS ‘1D
(] (9002) D4vD
dwnd-go (JuL pue gN-31D) uondajoid [eipredofuw juedyrudly UL ‘GN-3D 9K 8T °9 IL 9K 09 IoysaN LOY
duwmnd-gjo Aq panorduw Apueoryiusis aeioe| pue gN-31D (1] (s002) 314 7e)
‘dnoi3 [onyuoo se jreoy Suneoq dund-uo snioa dund-jo  gIN-3D ‘918I08[ SO & s d¥D SOX 61 ueisey ‘I0d (01 = u) dund-j30
JuLuIwIo)) POIPOIAl 2WOoINQ selodTRWONg ZON  [eouarsjar] A1031ng (s1oded jo -ou) uonuoAIdIUY
ION-S9 & ION-SOA possaiddng (1e2K) TI0UyINY  ‘ApMIS Jo 2dAT,
1joudg [edIUI) (s)103j1RWOIG
AI0jRTIIIRIUY

‘SUOTUQAIOIUI JuoweFeuew aanerodorrad pue [edordins jo Arewwung *¢ Qe

JECT. 2014;46:197-211



R.C. LANDIS ET AL.

202

ponunuo)

Apmjs [Tews SIy)

ut sjurodpua [eorurd poyradsard Aue oaoxdwr [L€] (€002) QARA
jou soop 3o ssedAq Areuowndorpies paso) ON ON 6 BYRUR], ‘IDY
dnosgruru ut AydesSoronyy feunar 4q T[oquIo [BI1QA10D ee) ‘AN “PANL [9¢] (1102) Dgv)
[[OQUISOIDIW pUe S} )] POSEIIdIP Ajuedyrusig ‘Keys NI SOK ‘=TI ‘O-TI SO ST uoureiduryy ‘10"
win uoneqniul pue
‘uonemes us3Axo [e1qa100 ‘(FIN-30) uonoaord GIN-3D ‘TeIqo100 qrIao [sel (6002) D4gvD
[eIpIedOAW ‘ABls N poaordur Ajjueoyiusis WO ‘NDI SOA BED ‘9T :SOA 0z urpAeunn ‘10d
dnorSrurur ur oI I0je[uoA [urd [¥€] (8002) [al:0%e) (8) ymoro
pue (T u) uonoojoid ferpresofw posoxduy ‘o) JOJB[IIUDA SO X 811 [SOK 0S SIpJOy| ‘1049 [e210d109B1X0 POZIWIUIA
Ke)s NI 10 owny
uoreqn)uI Ul 93UBYD OU QUIWESOIN[3 [A1908-N 10 [e€] (s002) ogv) (1) 1oWO31[0 duojoe0Ided
‘eaIn ‘ouruneald ur sdnoid uoomjoq IUIISFJIP ON ON 01-TI SOK 0z uo[y ‘10" -ouooris orydoydury
Ke}s ND] UL OUAISJJIP OU ;[ONUOD [ce] (1102) 0dvD
se aurjoyd[Aroydsoyd 1040 YHIAJ JO 1Jouaq ON ON ON ST BIRIY L ‘1049
1JaUdq [EJIUI[D OU [1€] (€002) DIVDI/eA[RA
‘own) uorjeqmiur 1o Aejs D] Ur jusworoxdwr oN ON AN ‘BED SOA 11 eATWOUIN paxIwt ‘ 1O
JIJouDq pIw ‘Aeis (D] Ul 9Sueyd UN
*(3s9)-[EIUSIA-TUTA] PUB OHON/OD) uonouny uonouny [0] (9002) [al:0%e)
9ANTIUZ050INoU UT JudwoAoIdwr JuedjIugig 9ANTUZ000INAU SO X AN SOA 61 [eqens ‘IOY
Apuesrugis juarpeId
€0 -V 2y pasoxdur gjoq Sureod urunjAperq [c2] (+002) DIVI/oA[RA
VAN pue utredoy :sdnoi3 uonuoaroiur omJ, JuarpeIsd ¢Q -y SO X ‘D ‘9-TI SOA 01 rWRAD) poxiut ‘1DY  (f) 91ehroejAyloAxoyow-g-Aj0d
SOWO02INO [EIIUI[D
10 SI9YIew AIOJRWWER[JUI UT 9OUSISJJIP Oou [62] (+002) DIVD/OATRA
{[e1n) peay-o3-peay utreday siyl ur dnois jonuod oN V/N o VIN ST [90H paxiut ‘1Y peoy-o0)-peay urredoyy
syutod puo [esrut[ prey ur sdnors . [8¢] (1102) 09vD
U09M)Oq SOOUDIDJJIP JUBIIIUSIS A[[EO1SIIBIS ON ON 6-9GD SOA 1 uojaIneq ‘109
SOWO)NO [BITUI[D I9Y)O
1o Leys D] Ut 25ueyd ou ‘Jurgewt pajysrom [L2] (1102) [al:0%e)
-UOISNJJIP AQ SUOISI[ [BIIFO[OINAU UI FUBYD ON ON LV.LSOx 12 MOIIN ‘1I0Y
syutod puo esrur
pIey 19410 10 ‘dwl uoneqniur ‘Aeis (D] ut [92] (8002) DIVI/eA[RA
a3ueyd ou {(GN-D) uonsdjoid [erpresoAw oN ON ON 66 UOPUAF USpPUBA paxw ‘1O
SOUWI02)INO [ed130[0INAU pargroadsard [szl (s002) Dgv)
ur sjusworoxdwr JuedrjIuGIs A[[eo1Is1els oN ON 6-9SD SOX 4 uojaxneqg ‘1OY
(1 u1) wonoajoid [erpresofw
ou ‘{y10ddns odoxour 10 o) 10jeIdsar 6-9SD ¥zl (#002) DIVD/ATRA
1o (DT ut 93ueyod JuedIIuSIs K[[eonsnels oN ON HAN $-TISPA 1Z wioypury paxmu {1 0¥
juarpeId ¢Q e-y a3 paaoidur yjoq
“Suneod (VHIA) 21ejdoe [Kyjedxorpow-z-Ajod uturyAperq [c2] (+002) DIVD/eA[RA
pue urredoy] :sdno13 UOTIUIAIIUL OM T, JuaIpeIs ¢ B-V SO L ‘AD 9T SOA 01 BWERASN paxtw ‘1D
So3ueyDd [e2IUI 1930 ou ‘unys Areuownd [zl (#002) 0gv)
pue ooue)sIsal renosea Areuow|nd paseoroq  junys Areuowrnd 9 X qeD SR 9z 939201A 2 ‘10"
Jjauaq priwt
{UOT)RIAQD [BOISO[OINAU SSO] A[JUBIITUSIS Jnq ‘Ae)S UOTIBIAQD [12] (2002) 0gv)
ND] 10 dwi} J0JB[UIA ‘A)JI[BIIOW UL dOUIIJIP ON o130[0IN9U S0 X DdM SO 96T IOYIBWIUQAS ‘10"
1joUaq pIur :SAFULYD [LIIUI[D I19YIO0 OU 102 (2002) 09vD
Inq uonoUNySAp 2ANIIUS0d paoidwr A[juedjrusis  uonouny dANIUI0D 1S3 X oBED SR 9T IoAoH ‘10Y (6) Suneod utredoy
JuoWIWIO)) POIJIPOIA QWOINQ B} SLUL LS 1zON ,[@ouaiajar] A193InS (s1oded jo rou) uonuoarojuy
ION-SOX ION-SoA possarddng (1894) 10UINY ‘Apmyg Jo odA7,
gouag [roIID (S)1ox1RWOLY
Al0)RUWIUIR[JUT

"SUOTIUQAIIUI paje[al-uoisnjrad Jo Arewwung *p d[qe],

JECT. 2014;,46:197-211



203

EVIDENCE-BASED REVIEW OF THE SYSTEMIC INFLAMMATORY RESPONSE

-oyerrdoxdde jou ‘y/ Ny

‘uruodor) o13100ds-oRIpIEd ‘U0 ‘UON)ORIJ A ISBULY
auneaId ‘gIN-D IUIpeI3 UOFAX0 IR[OJATE—[BLIONIE T B-V ‘[-INVDI 2[Qnos ‘INVIIS ‘Unda[as-J 9[qnjos “[os-Js ‘UIqUOIUe UIqUOIY) ‘T V], ‘oseise[d [rgdonnau ‘gN 1030e] SISOI0U
Iown) ‘N, ‘urojord 0AnoeaI-) ‘gD ‘URNO[IUL “I[ JUNod [[99 Poolq Aym DA Sunjeis ssedAq A1911e A1eU0IOD ‘DY) ‘{[BLI) PI[[ONU0D PIZIWOPUERI ‘I)Y :pasn SUONeIARIqQY
"dnous yusuneon ur s300[qns jo roqunu ‘N,
"d x1puaddy oyj ur roquInu 90UAIdJAI 03 S19§01 Jo3joRIq orenbs ur requnN

(LulL) IosIew [erpIesoAu

10 SJUDAD JSIDAPE UO J09JJ2 OU pey poojq [¥$] (+002) [al:4%e) (1) pooiq
uonONs AWOJOIPIELd PUE [RUNSBIPAW FUIPILISI(] ON VINL ‘S-TI SO LT 310qI0)So M\ ‘10Y [eunseIpaw pIessi(q
syutod pud [edrurd pIey
191J0 10 A®)S JO YI3uo[ N 2aoxdwr Auesrjiusis [€5] (8002) Dgv) (1) Surssaooxd
JOU PIP 2JTAOP FUIAES [[90 YIIM Furssadoxd poorg ON ON 4 XTOUOIBIA ‘10Y Poo[q [eIpIedLIo]
1JaUaq OU JJUAIPEIS Q) e-Y [¢s] (0102) Ddav)
ur 93UBYD OU PIJBIISUOWP UOTRII[IJRII[N PAIPOIA ON ON 0z BULIOJ, ‘1DY
sowooIno ponradsard 191)0 10 UOTOUN [15] (#002) OgV/oATRA
Areuowrnd ur Jijouaq [EOIUI[D OU {UOTIRII[JRII[ ) ON ON 79 IOATIO paxIw ‘1O
SIOMIBeW AIOjeuIwejul
ewse[d ur ost fearxopered ‘oum O] [og] (co02) 09vD
10 JOJR[IIUQA QFUBYD OU ‘uonen[jeli[n 9due[eq 0197 ON ON ST uewye], ‘10" (¢) uonenyenn
Ae1s D] 10 s1oxIew [eIpIedoAw aAoidwr jou [ev] (1102) ogv)
p1p s193[ e1dordorpres snid our| erIa)Ie snonunuo)) ON ON 1t ourqny ‘10"
dnoi3 1013
Ul pojou UONBATIOR 934003N9 ‘syutod pud [esrurpd [s¥] (0102) DGVD/OATRA
I0 AB)s DT 2roxdwi jou pIp I9)[1J SUI[ [BLIONY ON ON 0z 00§ ‘10"
dnoi3 1013
ur pojou uotnjeanoe [rydornau ‘sjutod pud [edTUId [L+] (9002) OgV/oATRA
10 AB)s DT 2A01dwlI Jou PIp I9)[1j SUI[ [BLIANY ON ON o1 LIBUIYSOY] ‘10"
syutodpua [esrurfd §S01)S X0 ‘N VOIS [or] (+002) DAVD/AA[RA
poyadsord aaoxdwr Jou pIp 19[1f OUI] [BLIOIY ON “Tos-gs ‘811 S A 9T uoy) paxtw ‘IO
SOUWIOd)INO [BITUTD
93ueyDd JOU PIP JIOAIISAI J0JBUIFAXO SSQI}S AT)BPIXO [st] (c002) QATBA
193¢ paoerd 19)[1y Sunerdop-014003naf eidordorpie) ON ‘AN SO o1 yseAe | ‘10"
SoU 014> K107BWIIR[JUT
poseaIoul Inq Xopur A1ojerrdsar pue [#¥] (0102) QATRA
uonoajoid [erpresoAw parordwr 19)[1J QUI[ [RLISIIY ON ON 97 Sueyyz ‘10Y
(dN-31D)
uonoajo1d [erpresofur juesrrusdis papraoxd [ev] (6002) [a:0%e)
(durepo-x 19338 pue snonuruod) yoeoxdde 1931y feng GIN-D SOA  qITAD ‘BED ‘O-TI SOA 01 urpAeuno) ‘10
JJoURq PJIUI STUBYD [EDIUI[D IO OU JUIIPLIS °O 1SINq SANEBPIXO [er] (1002) DdvO (8) 1111y
e-y pasoxdur 10y[1y Sunojdop-oynaf our| [eIe)y JuaIpeIsd ¢ B-Y 1S9 X OGM SOA 4 NOTXAY ‘109 Sunordop-914003nog
[1+] (8002) DEVO
SOWI09INO [e21UI]d partodar Aue ur 23ueyd ON ON AN ‘8-TI :SOA P BIRYO ‘109
sjutod puo [esrurd peygradsaid 10 Aels 79 QUueX0quIOIY) [ov] (L00T) 0gv)
NDI ur syuawaAoIdwr JuedIugis A[[eo1Isie)s oN ON ‘O-1 SO &4 s132194nH ‘1DY
dnoxdrurur ut (L, uL) [6€] (9002) D4V
IoyTew AInfur ferprescoAw ur juowaAoxduwr oN ON ON ST bEN| ‘109
dnoi3-urw ut syutod [8€] (5002) 04vD
PUo [ESTUI IDYI0 10 UOTIeINp (DT UL 93UEYD ON ON 6-9SD ‘AN SPA 101 uewyey-[opqVv 1OY
JuowIwIo)) POLIPOIAl QWO2INQ oo TewIorg 16ON _g[eouaragar] K1931Ing (s1oded jo -ou) uonuorojuy
ION-SOA ION-SOX possoiddng (1e2K) IOUINY ‘Apmig Jo odAT,
Jjouag [edsrur) (S)1orreworg
K10jRWIWR[JU

ponunUo) *p SqeL

JECT. 2014;46:197-211



R.C. LANDIS ET AL.

204

ponunuo)

sadoxjour 10J paau pue Aeis N Juowosordwr FUDUIAUOD sodonour L] (Z002) Dgv) (1) @pissnadontu
‘oseorar durepo-x 193e Ajsnouaaenut (1ouop ON) apissnidoniu eN ‘Ae1s NDT SOX 9-TI :SOX 01 09 ‘10d wnIpos
SIOJRIPIW AIOJeWWR[JUT UT 93URYD OU ‘AB)S D] o] (1102) QA[BA
paaoxdwr Appuesijrugis 1031qIyur seojold AIejuLin I0 UOISnjuy £e1s DI SOA ON $T 3uog ‘10
JuaIpeId ¢ k- pUE oW I0)B[HUSA posordut uaIpeId €0 By ©ANL [s] (£002) DAVO () Toyqryur
‘osejse[o [IydoIinou jsurede st A11AT}OR 9seajoIdijue pojuawnoo(] ‘owr) J0JR[TIJUA S & ‘AN ‘S-TT ‘9-T1 SOA ST SueA3urg ‘10" aseajoxd Areurin
onel cQLy/foed oner [¥L] (0102) QATRA (1) 10nqIyur
paroxdwr Apuedrudis 1031qIyur asejse[o [rydonnau jo uorsnjuy COL/f0ORd SOA AN ‘S-TI ‘9-TI SO A 9 ufng ‘109 asejsefo rydomnmnan
11JaUsq OU [[BISAO SI[RWIS] JOU INq SI[BU UL [¢L] (+002) DAVD/oAeA (1) Tonqryur
TIN/UIeop payqryur A[3uedyIugis 1Y) 9[qnjos ‘seiq Iopuasd Suryng ON 6-9SD ‘B¢D SOX L Ieze] poxtwr ‘1DY T 10ideoarjuswoidwio)
Ayeyrowr Aep-(¢ 1. JIjouUaq JURDIUSIS pamoys sjuaned Kyanoe juowejdwos [zL] (1102) DIV/oATRA
3SLI 182y 31Y s[eLn) [ pue | DFVI-OWId PAUIquod Jo siskjeuy Arperiowr :so x WNILsS iS9A  9G1¢ g paxiut {10y
SISA[eUR }B9I) 0} JUIIUL UI UOIIONPAI YSLI JUBIYIUSIS Inq ‘OFVD £y1a1308 Juowo[duwod [12] $002) DGVD/OATBA () 1onquyur
ut [IN/YIeap Aep-q¢ jutod puo Arewrrad passIur ([err} I0)UadT NI ON wnIos :SoX  {/ET JOLIIO A paxtwr ‘IO 6D yuowejdwo)
(uonow [em pue JU]2) UONOUNY dLIPIEd pue ejs Jo ICA R [o2] (002) DdvO
q13uar NDJ ur Juewaroxdwr Suurauod papraoid HNT 1D NI 0001 ‘Ke1s NDT SOX $D ‘gD SOX ]¢ yonoye, Aduodrowo ‘1Y
INHLLS 2INOE WOy Judw)ean) 1a1[1ed yum (1 "do1y) [69] (9002) Isl:ae} (2) Toyqryut
uono301d [RIpIROOAW pamoys uoIsnjur 33/NJ O + sn[oq 3y/NI-0% JUID SO $D ‘€D SOA 8T uuewoIy], AouoSrowo ‘1Y ISBIISI 1D
suonjesrdwos Areuownd [89] (1102) DGVD/IATEA
pUE ‘OBIPIED ‘AJI[R}IOW UO SN PIOIDISOINIOD JO 103JJ2 [BIauaq ON ON a/N  LOST UBWAI( sisA[eue-ejow (1) mo1A91 QUBIYI0D)
syutod pua [ed1urfo [£9] (L002) DEVD/PA[EA
poyadsord Aue 03 o3ueyd ou ‘uonjerado jo 41 sAep Sw QT ON D SPA 021 uouorey paxtur ‘IO (1) suosn1050IpAH
J1jou9q ou ‘sjutod puo piey ur 93uRYD OU ‘BIWAdA[3IodAY [99] (6002) Dgvd
jueoyiudis (Ajoaneradolsod 3y/3w ¢ + uononpur je Iy/3w | ON 8-1I ‘9-1I :SOA 0S Iy ‘109
1yaudq [edtulp ou Aeys O] [s9] (8002) D4gvD
10 JuaIpeIsd ¢ -y 23uBYD OU ‘WONONPUI I3)je snjoq Sw-()| ON 9-T1 :SOX €1 AYsa1q0S ‘10"
sIoyIew Jo o3uel e 0} uoissorddns A1ojewrurejur [#9] (L002) DGVD/IATBA
9]BI)SUOWAP J0U P[NOD PUE JJAU] [BIIUI[D OU ‘snjoq F3/Fw-9° ON ON L€ paex paxtur ‘IO
1JAURQ [EIIUL]D OU :UINSUI YSNOIY) PI[[ONUOD [¢9] (#002) DdvO
‘ernsodA[3 Jueorrudis (Ajoaneradolsod 8y/Sw ¢ + uononpur je 3y/[w | ON a/N 01 Jo0T ‘10Y
sojer uonjeradoar 10 ‘osn adonour ‘syutod puo [esrur [z9] (£002) ogav)
pIey ur o3ueyod ou Ajoaneradoisod 3w § + Ajoaneradorred 3w § ON a/N Lyl UOSIOATRH ‘10d
(19] (+002) D4V
J1Jouoq piw (19Jem Junj ur jusworordwr fuononpur 19jye /W | I9)em Juny 1S9 X «@N 01 [98a1dS uoA ‘10d (9) 2uoseyjowrexaq
SISOpIdE 2110R] puk ‘eruadA[31odAy ‘yunys Areuowynd poussiom J9D ANL ‘0T-11 [09] (£007) Dgv)
nq [, (ur) uruodor pasoidur iAjoaneradood snjoq 8y/8w g1 ON ‘QT-TT ‘9-T1 SOA oy sonodoyery ‘109
[6s] (+002) DIV
SJUOAQ SIQAPE OU ‘SaFueYD [ed1uld ou ‘A[oaneradoard 3y/8w o ON ANL ‘9-TI SoA 48 uoqInog ‘109
ANL (851 (+002) 04vD
SOUWIODINO [BOIUI]D UT SAZUBYD OU {UONINPUI 210J2q 3/FW ()¢ ON ‘OT-T1 ‘8-T1 SOA ST SPLIGIN ‘10Y
SOW0INO [BITUI[D UT SAFUBYD IOY)O OU Ing [£s] (zo02) 0gv)
vasneu ssof ‘Ajoaneradojsod 3y/3w ¢ x 4 ‘A[eanieradoard 3y/Sw g1 ON OT-T1I ‘9-TI SO A ST I3uT([I ‘10"
(ISN) 2se[0Us o1j109ds U0INU JO S[9AS] pue SN [9s] (6002) 24dvD
Ae3s Jo 13ud (D) 1un 21ed dAIsuIUI pasoxdwr iggD 210399 3 | ‘Ae1s NDT SOX 0T-T1I ‘9-TI SO A ST hitnicTq ‘10Y
juarpeIs ¢Q e-y pue
(FIN-31D) uonoey Al seuly duneard uondsajold jusIpeIs ¢Q ey +oPANL L+Lss] (€002) DdvO
TerpresoAwr paaoxdur (Afeanjeradojsod Sw Gz x G ‘Afeaneradoard S 1 CGIN-YMD A OT-TL S IL 9 T S9A 01 T[[oIBWOID) ‘109 (9) suojostupaidjAyIoN
JUAWUWO)) PAUIPOIAl dWodINQ selodTRWOLg 1z ON _[eouarejar] £1931Ing (s1oded jo -ou)
ION-SOA ION-S9 & passoxrddng (189K) 1I0yINY ‘Apmig Jo odAT, UOT)UQAIOIU]
Jjouag [edIuI) (S)1oxreworg
A10jRWIWIR[JUT

‘SUOIIuUOAId)UI [edI30[0oRWIRYd JO AlBWIWNS °§ I[qR],

JECT. 2014;,46:197-211



205

EVIDENCE-BASED REVIEW OF THE SYSTEMIC INFLAMMATORY RESPONSE

"auop 10U ‘d/Ny

"UOT)OIBJUT [RIPIROOAWI UOTIBAJ[R- TS ‘TINALS 1Un a1ed dAIsudul ‘D] ‘uruodor) o11oads-oeIpIed ‘Ud (uondesj g 9seury duneaId ‘giN-3D JUdIpeIs uo3AX0 Je[OAd[E—[BLIdIE C() B-Y
turojo1d 0AnoBaI-) ‘gD ‘oseiseld [dornou ‘N 1030€] SIS0I09U Iown) N[, ‘unjnoprojur 1 ‘3unjers ssedAq £19)1e A1U0I00 ‘O VD) {[BLI PI[[OIJUOD PIZIWOPURI ‘T )Y :pash SUONRIARIQQY
“dnous jusuneon ul s3109[qns jo qUINU = N,
"g x1puaddy o) ur IoquINU AOUAIDJAI 0} SI0§aI Jo3jorIq drenbs ul roquinN

(gIN-31D) Amnfur [erpresoAur preso) UoISnyur SNOUSABIIUL IIA SE [86] (6002) 09vD
puaI} awes jng syutod pua [edrurd pley ur osueyd ou ‘ergojdorpres ug ON ON ST nr| ‘10 (1) 2uraysho [£3008-N
sadonour 10] poou 10 ‘Aels D] ‘OWI) UOTIB[UIA UO [L6] (8002) ogv)
199JJ9 OU pey ‘(01U PIO[[BISAIO SNSIOA ‘PIO[[0d UNE[AS YIIM SUTLL] ON ON o oAewe], ‘10" (1) pro[[od unePnH
asn adoxjour 10 Ae)s DT 199JJ. JOU PIP ‘[O1IUOD [96] (0102) QATRA (1) ownd ur
urwnqqe snsIoA ‘uonnjos gurwiid se pasn yoIe)s [AY)9AXOIpAH] ON AN SOX 8T 107D ‘10Y yoIe)s [AYIoAXOIPAH]
uo1199301d [erpIedoAw JUBOIUSIS 19JU0D 10 sjutod puo [s6] (8002) QARA
[earurpo oaoxdwir jou pip eigojdorpies o3 jounlpe ue se oUISOUIPY ON 3unoo riydomnou :sox ST [esyoy] ‘109 (1) auisouopy
o1e198] PU YAJ MAS Xopul derpres parordur §S911S OAIIBPIXO [v6] (s002) DgvD (1) sunruren-
Apueoniugis eigordorpaes ur ounrures-7 [Auordoid 1104oo oneqerq 9)e108[ SO ‘UI[OYIOPUD SO X 12 ogue| ‘10 [Auordoig
TUL pue ‘gIN-30D ‘Aeis O] ur Juowoaordur TUIO ‘GIN-MD [e6] (9002) DdvO (1) erdordorpres
Surourauod ‘e13o[doipied 0} pappe (9)e1isqns 9PIXO OLIIU) dUIUISIe-T ‘Keys NDI :SOX VAN ‘9O-TI :SOA IS opueise[o) ‘10" ur QuIuISIY-T
(dNF pue ‘Tu[, ‘gN-3D) stoyrew Lmlut [erpresow jo dN4 ‘TuLd [c6] (1002) QATeA
uonoajoid {ND] ur pue Apaneradorrad uonereyur QN snonunuo) CGIN-ID SOA  UIII[as-d 9[qN[OS :SIX i 1)30URLD) ‘109 (1) se8 ON
sjutod pud [edrurpd 19Y)o 10 Aels D] Ul d3ueyd ou [16] (6002) QATBA
{[01)U0D WE[OZEPIW + [AUBJUIJ SNSIOA BISOYISOUE QUBIN[JOAIS ON OT-TI ‘9-1I SO X ST oy) ‘10"
(LuL pue gN-31D) uonoaoid [erpIesoAu SUOUIAUOD 1uL [06] (9002) QATRA
‘{fonuod [0jodoid + [AUBIUSJ SNSIOA BISOUISIUR QUBIN[JOASS + [AUBIUD] GIN-ID SOX ST ‘9-T1I SOX €1 BINWEMEY] ‘10" () sueinyjoaas
(TuL pue gN-3D) uonodjoid [erpresofw pue IR $S01)S OAIIEPIXO [68] (1102) DdvO (1) 1030doxd
Aeys N uo jojodoid yym oueIn[JosI Jo 109530 9A199)01d O1ISISIOUAS GIN-ID SOX DANL ‘O-TI:SOX 0€ Sueny ‘10" + QUBINJJOS|
Ke3s NDI pue douerdwos Juny ‘own QWI} UOHIB[JUA SSQI)S QAIJBPIXO [88] (8002) QARA
uone[uoA paroxdur durepd-sso1d uLmp uoisnjur pajosie) jojodorg ‘Ae1s NI :SOX Q-1 :SOA ST uy ‘IOY (1) 1030doig
sjutod puo 901n0saI [831dsOY 10 SIOIBW [BTUT]D JO [£8] (6002) OgV/oATRA
JeIe 1o TV ‘TN ‘Yieap 1095 jou pIp a1eaniAd [Ay31o Jo uorsnjuy ON ON 6F Olaolronn-jouuog paxmu ‘1OY (1) 2reanIAdiAyig
QUIP AADIUTOD [98] (6002) DEVO/PAEA
aanerodolsod JueoyIusis pasned sojeqeIp Yim dUIEdOPI] JO UOTIBIoNU] ON ON ¥II MIYIRI poxiur ‘1DY (1) suresopry
(Lur pue gN-31D) Lmlur [erpreso£w premoy puail os[e ;[\ pue [s8] (£002) DdvO
[1eOp POsBaIOUl PIEMO) PUSI) SUILIIOUOD {UOISNJUI SNOUDARIIU] ON ON 0S AswrewreH-19 ‘109 (1) aur01sAd [A1008-N
SOINZIOS PuB A}I[R)IOW PISBAIOUT SPIEMO) DU} PIjuRMUN [#8] (1102) DgvD (1) proe orwrexouen)
{J0IIU0d 2SOP-2[3UIs SNSIdA (/3w (OF + OF) VXL 2sop-2[qnod ON ON 08 Zouduif ‘IDY asop-reng
SOUI0DINO [BIIUI]O [es] (€002) [3l:a%e)
ponruiad ur 93ueyd Ou {S11JoUaq UOISNJSUBI} Pue JUIPAI[g ON ON ST 103dry] ‘10 (1) utunoxdy
SOWOdINO [BIIUID [z8] (6002) DIVD/PA[EA
poyadsoxd ur o3ueyds ou {J+ pue [— sAep Je sasop 3Y/N] 00S X T ON ON w0 uasnog paxIw ‘IO (1) unorodorypArg
Leys ND 10 syutod pus [eSUI[d pIey 199)je (18] (0102) Ddv)
JOu PIp dULINE} JUIFe JUBPIXOIIUE JY) JO UOHN]OS % 7 B JO UoIsnjuy ON 0-TI SOA S1 e[nyeppoq ‘109 (1) ouumneg,
UOTIOUNJSAP UBSIO 10 ‘ABIS DT ‘O UOT)R[IIUIA J09Jj [08] (6002) OgV/oATRA
jou pIp ¢ Kep aaneradolsod 01 uoronpur I0)je ouneIN[3 JO UOISNJU] ON AN “A-NAT ‘T-TI SOk I€ [o3uyg poxIut ‘1DY (1) eururein|nH
sarsdorq uo aseprxorodooAu SSO YIIM SNUIS ATBUOIO0D aseprxorodooAw [6L] (L00T) QATRA
ut sjiydonnou 1omay ((Tu ) uonosojold [erpresodw JuedIusis TUIO :SOX [rydoxnau :s9 X ST ong ‘10"
£®3S JO YISUS ND] pUR SWI} I0JB[IJUIA QuwII} I0JB[IJUOA 0INL [8£] (+002) QATRA
poaoidwr Apuesijiudis uorsnyut surfjAydourwe oAnjerodorrog ‘Ae1s NDT :SOX ‘OT-TI ‘S-T1 SOA ST ong ‘10Y () aurjAydourury
JuomIwIo)) PAUIPOIA WOo2INQO oo IRWOrg 16 ON _gloouarajal] £K1931Ing (s1oded jo -ou)
ION-SOA ION-SOA possoiddng (1894) 10UINY ‘Apmig Jo odAT, UOTJUQAIOIU]
Jjouag [edrul) (S)1o3reworg
K101RWUIWERU]

panunU0) *§ SqEL

JECT. 2014;46:197-211



206 R.C. LANDIS ET AL.

Nitric Oxide: There were three RCTs examining differ-
ent methods to deliver nitric oxide (NO) to patients
perioperatively: direct inhalation of NO gas, infusion of
sodium nitroprusside (NO donor), or L-arginine (NO sub-
strate) added to cardioplegia. Taken together, these small
NO trials (median sample size n = 28) all demonstrated
clinical benefit.

Neutrophil Elastase Inhibitors: There were three RCTs
examining administration of neutrophil elastase inhibitors,
two of which used urinary protease inhibitor and one
human elastase inhibitor. Taken together, these small neu-
trophil elastase interventions (median sample size n = 30)
were adjudged clinically beneficial.

Propofol: There were two RCTs studying propofol
anesthesia. Both studies demonstrated a clinical out-
come improvement. One study examined the interaction
between isoflurane preconditioning and propofol post-
conditioning and was able to demonstrate a clinical benefit
for this combination.

Aminophylline: There were two RCTs from the same
research group on the bronchodilator aminophylline. Both
of these small studies (n = 30) demonstrated a clini-
cal benefit.

Sevoflurane: There were two RCTs on sevoflurane
anesthesia, only one of which demonstrated an improve-
ment in a clinical outcome.

Intensive Insulin Therapy: There was one RCT on inten-
sive insulin therapy using the Portland Protocol (22) in
patients with no history of diabetes. This well-designed study
(n = 100) showed a clinical benefit with significantly short-
ened intensive care unit stay and myocardial protection.

Fluvastatin: There was one RCT on fluvastatin admin-
istered for 3 weeks up to the day of surgery; this study
demonstrated clinical benefit.

Propionyl-L-Carnitine: There was one RCT on propio-
nyl L-carnitine administration in a diabetic cohort
assigned a clinical benefit for this intervention.

Ulrtrafiltration: There were three RCTs on ultrafil-
tration using three different ultrafiltration techniques.
However, none of the trials recorded a significant deple-
tion of inflammatory biomarkers and none achieved a
clinical benefit. There were no indications of negative
patient outcomes.

There was little evidence across the many varied inter-
ventions for causing harm, but lidocaine infusion exhibited
an interaction with diabetes leading to significantly wors-
ened postoperative cognitive dysfunction. Two trials on
N-acetyl cysteine manifested a concerning trend for death
or myocardial injury in the treatment arm, whether
given intravenously or added to cardioplegia. Aspirin given
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preoperatively was associated with worsened reoperative
rates. Finally, double-dose tranexamic acid revealed a
trend toward increased mortality and seizures.

Methodological Quality

Variable quality in methodological descriptions was
noted across the evidence base, particularly in areas of
blood management and the description of perfusion equip-
ment used: 31.6% of papers provided inadequate or non-
existent protocols for blood management and 29.6% of
papers were classified as poor for equipment. Surgical
protocols were described more adequately with only 12.2%
of papers classified as poor in the evidence base.

Association between Inflammatory Suppression and
Clinical Benefit

The five most frequently monitored biomarkers for
inflammation (interleukin [IL]-6, IL-8, tumor necrosis fac-
tor a,, neutrophil elastase and complement component C3a)
were also the five most often suppressed and most likely
to be associated with a clinical benefit. Suppression of
biomarkers occurred with similar frequency across the
three categories of intervention. It occurred in 68.4% of the
studies in surgical/perioperative management, 65.7% of
the studies of perfusion-related interventions, and 68.2%
of the investigations of pharmacological interventions.

DISCUSSION

The review strategy adopted in this systematic analysis,
combining self-identified anti-inflammatory studies with
inclusion criteria specified in the Outcomes consensus
statement (19), yielded a rich evidence base for anti-
inflammatory interventions covering surgical, pharmaco-
logical, and perfusion approaches. The overall clinical
dividend from this large body of literature yielded only
35.7% of papers capable of demonstrating a clinical bene-
fit. The most widely studied intervention, steroid use,
showed no evidence for improvement of clinical outcomes
according to our analysis, which supports a recent
Cochrane review that concluded corticosteroids exerted
no clinical benefit on mortality, cardiac, or pulmonary
complications (21). On the positive side, there was little
evidence for harm associated with the many varied
attempts to inhibit the systemic inflammatory response
with only certain isolated interventions earning a precau-
tionary negative recommendation (aspirin, lidocaine in
persons with diabetes, N-acetylcysteine, and double-dose
tranexamic acid).

Various surface coating and surface reduction strategies
showed some promise but no compelling clinical benefit,
including biocompatible surface coatings, minimized cir-
cuits, and off-pump coronary revascularization. The ratio-
nale for heparin coating, however, targeting factor Ila at
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the terminus of the coagulation cascade, must remain
questionable. It is likely that whatever clinical benefit hep-
arin confers is the result of “part-time” inhibition higher
up the cascade at the level of factor IXa (23). We hypoth-
esize that upstream interdictions might provide a better
opportunity for anti-inflammatory protection by blocking
the avalanche of activated factors at the top of the cascade.
On this basis, we highlight interventions using C1 esterase
inhibitor (Appendix B: references [69,70]), a pleiotropic
agent with upstream targets in coagulation, complement,
and fibrinolytic pathways (24). Both C1 esterase inhibitor
studies showed a clinical benefit in emergency CABG pop-
ulations and both demonstrated a gradient effect with
improved myocardial protection associated with earlier
treatment from the point of acute ST-elevation myocardial
infarction. Other promising interventions such as NO ther-
apy (Appendix B: references [77,92,93]) may also have
benefited from a pleiotropic mechanism of action, because
NO acts to promote vasodilation (25), has antiadhesive
effects on leukocytes (26), and anticoagulant properties
against platelets (27). We hypothesize that pleiotropic
agents like NO or C1 esterase inhibitor are able to achieve
a consistent clinical benefit by blocking multiple targets
in multiple pathways (13,28,29).

Filtration strategies to remove leukocytes or soluble
cytokines were not typically associated with any clinical
benefit. This contrasted with arterial line filters for remov-
ing microemboli, which earned a class I recommendation
in a previous evidence-based review (30). Some studies
noted exacerbation of leukocyte activation, presumably
as a result of adherence and activation of leukocytes at
the filter surface. Our observations are consistent with
the findings of other meta-analyses, which concluded that
leukocyte-depleting filters or zero-balanced ultrafiltration
did not confer significant clinical benefits (31,32).

The authors recognize some limitations to this critical
review. First, the review is not intended as a critical care
guide to manage patients after they have experienced a
severe systemic inflammatory response, but as a guide to
clinical practices aimed at limiting the inflammatory
response from the outset. We acknowledge that patient
distribution in the evidence base was highly skewed with
one Cochrane review on steroid use and one multicenter
trial on C5 inhibition accounting for over 60% of the total
number. We further recognize that a different “mix” of
papers was captured by our reviewing strategy compared
with other meta-analyses. For example, a previous meta-
analysis on biocompatible surface coatings identified
36 papers, whereas only 14 qualified by our inclusion
criteria (33). This was attributable to the fact our search
was limited to a 10-year window and used more stringent
inclusion criteria. Nonetheless, we reached the same con-
clusion as that meta-analysis: that biocompatible surface
coatings without other measures to limit blood activation

conferred only limited clinical benefit. In adopting the min-
imal reporting criteria of the consensus statement, we rec-
ognize that clinical benefit may be based on a single clinical
variable. Improvement of a single variable may not on its
own guarantee improvement in clinical outcome and bene-
fits might best be accrued when treatments are used in
combination. Because few such combinations have been
evaluated systematically, this becomes an important area
for future research. The overall validity of our approach
was supported across several interventions with the current
review reaching similar conclusions as contemporary meta-
analyses in the areas of: corticosteroid use, filtration, and
biocompatible surface coating (21,31-33). Regular updates
are warranted to capture changing practice and emerging
evidence outside the 10-year window of this review (34-36)
that may change clinical practice in the future.

The review highlighted several shortcomings in method-
ological quality. In addition to problems with small sample
size and heterogeneity of interventions and biomarkers
studied, there were fundamental shortcomings in method-
ological descriptions. This was particularly apparent for
blood management protocols and description of perfusion
equipment. Inadequate descriptions of these practices are
important, because they can impact inflammatory pro-
cesses and clinical outcomes (30). We therefore advocate
the use of tables in the Methods section to itemize in detail
the system components of the bypass circuit and blood
management protocols used (37).

The broad scope of the current review yielded novel
insight into the relationship between anti-inflammatory
action and clinical efficacy. This arose from a secondary
analysis showing that 97% of papers with a clinical benefit
achieved suppression of at least one inflammatory marker
(Tables 3-5). However, over half the papers (57%) that did
not find a clinical benefit also did demonstrate suppression
of an inflammatory biomarker. This suggests that suppres-
sion of one inflammatory biomarker is therefore necessary
but not sufficient to translate into a clinical benefit.

CONCLUSIONS

This critical review concludes that no single intervention
used on its own demonstrates strong evidence for limiting
adverse outcomes as a result of the systemic inflammatory
response. A secondary analysis showed that suppression of
a single inflammatory biomarker was required but was not
sufficient to confer a clinical benefit. The most promising
interventions were those that targeted multiple inflamma-
tory pathways. These results are consistent with a “multiple
hit” hypothesis, whereby clinically effective suppression of
the systemic inflammatory response requires hitting multi-
ple inflammatory targets. Further research is warranted to
evaluate combinations of interventions capable of achieving
synergy by targeting the many pathways that are activated.
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APPENDIX A. PubMed search structure.

in

The following search terms recovered >1600 articles

PubMed: ((cardiac surgery OR (((“cardiopulmonary

bypass”[TIAB] NOT Medline[SB]) OR “cardiopulmo-
nary bypass”’[MeSH Terms] OR (“coronary artery
bypass”[TIAB] NOT Medline[SB]) OR “coronary artery
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bypass”[MeSH Terms]) OR (valve OR valvular) AND
surgery) OR “Heart-lung machine”[MeSH Terms] OR
((hemofiltration OR ultrafiltration) AND (cardiac OR
heart)) AND ((Humans[Mesh]) AND (English[lang]))) NOT
(cardiac surgery OR (((“cardiopulmonary bypass’[TIAB]
NOT Medline[SB]) OR “cardiopulmonary bypass”’[MeSH
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valvular) AND surgery) OR “Heart-lung machine”’[MeSH
Terms] OR ((hemofiltration OR ultrafiltration) AND
(cardiac OR heart)) AND ((Humans[Mesh]) AND
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