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Prince Charles Hospital, Brisbane Objectives: Extracorporeal membrane oxygenation (ECMO) is an increasingly

4035 QLD, Australia accepted means of supporting those with severe acute respiratory distress syndrome
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Ful list of author information is hgve been developed to support translatlgnal research. Where ARDS is combined ‘

available at the end of the article with ECMO, models are less well characterized. Therefore, we conducted a systematic

literature review of animal models combining features of experimental ARDS with

ECMO to better understand this situation.

Data sources: MEDLINE and Embase were searched between January 1996 and
December 2018.

Study selection: Inclusion criteria: animal models combining features of
experimental ARDS with ECMO. Exclusion criteria: clinical studies, abstracts, studies in
which the model of ARDS and ECMO has been reported previously, and studies not
employing veno-venous, veno-arterial, or central ECMO.

p
Abstract

Data extraction: Data were extracted to fully characterize models. Variables related to
four key features: (1) study design, (2) animals and their peri-experimental care, (3) models
of ARDS and mechanical ventilation, and (4) ECMO and its intra-experimental management.

Data synthesis: Seventeen models of ARDS and ECMO were identified. Twelve were
published after 2009. All were performed in large animals, the majority (n = 10) in pigs. The
median number of animals included in each study was 17 (12-24), with a median study
duration of 8 h (5-24). Oleic acid infusion was the commonest means of inducing ARDS.
Most models employed peripheral veno-venous ECMO (n = 12). The reporting of
supportive measures and the practice of mechanical ventilation were highly variable.
Descriptions of ECMO equipment and its management were more complete.
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Conclusion: A limited number of models combine the features of experimental ARDS with
ECMO. Among those that do, there is significant heterogeneity in both design and
reporting. There is a need to standardize the reporting of pre-clinical studies in this area and
to develop best practice in their design.

Keywords: Extracorporeal membrane oxygenation, Acute respiratory distress syndrome,
Animal models, Pre-clinical models, Systematic review

Introduction

In recent years, the use of extracorporeal membrane oxygenation in patients with
acute respiratory distress syndrome (ARDS) has grown substantially [1]. ECMO is
now an accepted technique for temporarily supporting those with severe ARDS
whose condition is refractory to conventional management [2, 3]. Despite advances
in our understanding of the pathophysiology of ARDS, mortality among patients
remains high, with only a modest improvement over the last decade [4]. A contrib-
uting factor may be the failure to successfully translate a proven therapeutic strat-
egy for the treatment of ARDS [5]. Substantial effort has been devoted to this
endeavor, and correspondingly numerous animal models of ARDS have been devel-
oped to assist in the investigation and translation of novel interventions [6]. As the
use of ECMO in ARDS matures, it will become increasingly important to evaluate
candidate ARDS therapies in the unique context of extracorporeal circulation [7].
Likewise, interventions primarily associated with ECMO require established
pre-clinical models to facilitate progress toward clinical trials. There are fewer
well-characterized models which combine experimental ARDS with ECMO than
ARDS alone. To better understand existing animal models of ARDS and ECMO,
we have undertaken a systematic review of studies reporting novel models in ani-
mals. A systematic appreciation of animal models which include the use of ECMO
will allow us to identify current limitations, establish areas for innovation and im-
provement, and will assist in the creation of a minimum data set for pre-clinical
ECMO studies.

Materials and methods

Design

A systematic review protocol was constructed in advance and published on the Systematic
Review Centre for Laboratory Animal Experimentation (SYRCLE) website (https://issuu.
com/radboudumc/docs/animal_models_of_acute_respiratory_?e=28355229/48256411). The
protocol addresses the requirements of the Preferred Reporting Items for Systematic Review
and Meta-analysis Protocols (PRISMA-P) statement [8]. The published protocol was
amended after publication to remove the requirement for papers to be published in English.
A native language speaker was identified to translate those not appearing in English.

Search strategy

We searched the MEDLINE (via PubMed) and Embase (via Ovid SP) indexed online
databases from January 1996 to December 2018. The search strategy was designed in
conjunction with a trained medical librarian (see Additional file 1 for the full search
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strategy). The filters used to identify animal studies were those previously described and
validated by de Vries et al. [9] and Hooijmans et al. [10]. Citations were collected in a ref-
erence management software program (EndNote™, Clarivate Analytics, PA, USA).

Study selection

Study selection occurred in two phases. Firstly, abstracts and citations were inde-
pendently screened for relevance by two authors (JM and NB). Discrepancies were
resolved by reference to a third author (MM). Articles were excluded on the fol-
lowing basis: (1) if they were not performed in animals, (2) if they did not involve
the use of ECMO, or (3) if they did not include a model of ARDS. The full text of
articles deemed relevant was retrieved. There were no language restrictions. Arti-
cles not published in English were translated by a native speaker. In the second
phase, full-text articles were independently reviewed (JM, NB) and excluded if (1)
they did not report an animal model, (2) they did not use veno-venous,
veno-arterial, or central ECMO, (3) they did not include a model of ARDS, (4)
they were in abstract format, or (5) if the same model of ARDS and ECMO had
been reported in a previous publication. Disagreements were resolved by a third
author (MM). The reference lists of screened studies were reviewed to identify
publications not found by the original search strategy.

Study characteristics and data abstraction

Included studies were jointly reviewed by JM, NB, and VB. Data were extracted using a
pre-piloted data extraction form (Additional file 2). Disagreements were resolved by
reference to a senior member of the team. Descriptive data for each study were ab-
stracted including the title, author(s), year of publication, and journal title. Detailed
data were identified in relation to four major categories:

1. Study design. The aim(s) and hypothesis of the study was recorded, as were
elements related to study design, such as randomization procedures, blinding, the
use of sub-groups, and sample size.

2. Animals and their peri-experimental care. This included information on the
species, strain, age, weight, and gender of the animals used in experiments.
Additional data were abstracted on anesthesia, monitoring, fluid management,
intra-experimental drug administration, and euthanasia.

3. Models of ARDS and mechanical ventilation. Details were extracted on the means
of inducing experimental ARDS and on the definition of ARDS applied in each
study. Additional data were extracted to assess mechanical ventilation practices
before and during ECMO.

4. Models of ECMO and its intra-experimental management. Data were recorded on
the mode of ECMO employed, devices used, the method and configuration of
cannulation, priming, flow rates, pump speeds, sweep gas settings, anticoagulation
practices, and the duration of extracorporeal support.

Studies published after 2011 were assessed for compliance with the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines [11].
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Data synthesis and analysis

Data were tabulated for ease of comparison. Summary statistics were used as appropri-
ate. Given the heterogeneous nature of included studies and the aim of this review, to
characterize and assess the quality of the models rather than the study outcomes, no at-

tempt was made at meta-analysis.

Results

A total of 370 unique citations were identified in our search. Of these, 44 passed the
first phase of screening and had full-text articles retrieved. After secondary screening,
17 articles met the inclusion criteria and were included in the final analysis [12-28].
Figure 1 shows the PRISMA flow diagram for study inclusion and exclusion.

Description of included studies

An overview of included studies is included in Table 1. More than two thirds (z = 12)
were published after 2009. Most studies were conducted in Europe (n =5) and Asia (n
=5), followed by North America (n = 4), South America (n =2), and Australasia (n = 1).
The purpose of studies varied but included physiological studies (n =6), technology
evaluations (n = 5), and interventional trials (n = 5). All studies were conducted in large
animals, the majority in pigs (n = 10), followed by sheep (n=6) and a single canine
study. No small animal models met the inclusion criteria. The median number of ani-
mals studied was 17 (12—24), with the largest two studies using 30 animals. The median
duration of included studies was 8 (5—-24) hours, with two studies, both in pigs, report-
ing recovery and follow-up of 7 and 14 days, respectively [26].

Animals and their peri-experimental care

A summary of the peri-experimental care of animals is provided in Table 2. More than
half (7 =9) of studies used exclusively female animals, while five did not report gender.
The age of the animals was inconsistently documented, with 10 studies omitting this
detail. The majority of investigators used total intravenous anesthesia (n = 14), including
the two studies that involved recovery from anesthesia [26, 28]. Ketamine was the most
commonly used anesthetic, with a maintenance dose range between 5 and 10 mg/kg/h.
Inhalational anesthesia was used in two studies [16, 19]. Only four studies reported a
protocolized approach to cardiovascular support [12, 24, 25, 27], while six studies pro-
vided data on cumulative fluid balance.

Models of ARDS and mechanical ventilation

A summary of the means of inducing experimental ARDS in studies is contained in
Table 1. A range of ARDS models are described, including oleic acid (OA) infusion (n
=4), lipopolysaccharide (LPS) infusion (n =3), saline lavage (n=3), hypoxia (n=2),
blunt injury (n = 1), and smoke inhalation (n =1). Three further studies combined sa-
line lavage with a secondary injury. Definitions of experimental ARDS were varied and
not universally reported (Table 3). Likewise, mechanical ventilatory practices, both be-
fore and during ECMO, were incompletely described (Table 4).
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PUBMED Embase
1996 - December 2018 1996 - Decemeber 2018
266 219
Duplicates
n=60
425

Title/abstract screening

381 excluded

Full text retrieved

44

Full text screening

Abstract n=10
Previously described n=13

ECCO,R n=2
Not ARDS n=2
27 excluded

Included articles

17

Fig. 1 PRSIMA flow diagram for inclusion and exclusion criteria

Models of ECMO and its intra-experimental management

Most studies performed veno-venous ECMO (n=13). A summary of ECMO models
and the management of ECMO during experiments are provided in Table 5. In most
cases (1 =14), cannulation was peripheral, with three studies performing surgical cut-
down [17, 25, 28]. There were a wide variety of cannulation configurations among stud-
ies. Few studies described a means of confirming cannula positioning, although
peripheral ultrasonography [17, 24], intracardiac sonography [14], and a pressure
guided method [22, 29] were reported. A range of commercial and experimental pumps
and oxygenators were used. The constituents of priming solutions were described in
less than half of the studies (n=8) but included saline [12, 13, 24], lactated Ringers
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(LR) [25], albumin and saline [16], hydroxyethyl starch (HES) and LR [21], Voluven and
LR [23], and Plasmalyte-148 and albumin [14]. The use of heparin as an anticoagulant
was ubiquitous.

ARRIVE compliance
No study published after 2011 explicitly referenced the ARRIVE standards or reported
compliance with them.

Discussion

This systematic review provides the first detailed overview of animal models which
combine features of experimental ARDS with ECMO. In doing so, we have demon-
strated marked heterogeneity in both their design and reporting.

Animal models play a key role in research into ARDS and are well established in both
small [30] and large animal species [31]. Given the complexity of the underlying patho-
physiology, they are essential tools for deriving new mechanistic insights as well as es-
tablishing the efficacy and safety of novel interventions [32]. Their place in current
ECMO research is less clear. Our study found no example of a contemporary small ani-
mal model combining features of ARDS and ECMO. This may reflect the inherent diffi-
culties of replicating a clinically relevant extracorporeal circulation in a small animal
species, although such models have been described in the absence of lung injury in ro-
dents [33] and rabbits [34, 35]. While small animal models are limited by the inability
to use clinical ECMO devices, differences in lung morphology [36], and variations in
innate immunity [37], they offer several advantages. Studies involving small animal spe-
cies are less resource intensive than those in large animals, can be conducted more
quickly, may take advantage of varied genetic strains, and have the advantage of using
multiple assays and imaging techniques not available in large animals.

All models identified by our study were conducted in large animals. These models
may have advantages, which are generally the converse of the limitations seen in small
animals. A feature of studies in our review is their relatively short duration, with only
two models describing recovery and follow-up beyond 24 h [26]. This may be a result
of the intensive and costly nature of large animal studies, although models supported
for more than 24 h and/or those with the potential for recovery would be of benefit in
addressing important research questions. In the context of ARDS and ECMO, models
of greater duration would facilitate research into the proliferative phase of lung injury,
allow investigators to explore lung recovery during ECMO, and could test approaches
to weaning from extracorporeal support.

Regardless of species, models of experimental ARDS identified in this study were di-
verse. Previously, the American Thoracic Society (ATS) has attempted to standardize
experimental ARDS by identifying core pathophysiological features which should be
established in pre-clinical models [38]. In our review, few studies published after the
ATS workshop report acknowledge these features or reported compliance. To increase
the validity of studies, the presence or absence of these features should be evaluated
during model development. Most commonly described means of inducing lung injury
were described: saline lavage, oleic acid infusion, endotoxemia, acid aspiration, and
smoke inhalation. Notably, we failed to identify a study which included the use of live



Page 9 of 17

(2019) 7:18

Millar et al. Intensive Care Medicine Experimental

pI2e dL0Yd0IpAY TOH ‘DWN|OA |epii JA ‘@Inuiw Jad syeaq wdq ‘usbAxo jo ainssaid |ened |eusue zopd ‘@inssaid [esne
ueaw 4y ‘aplieyddeskjododi| 547 ‘UabAxo Jo uondely paiidsul 03 uabAxo Jo ainssaid |eied |eudlie Jo onel 4/d4 ‘UdbAXo Jo uondely palidsul Zol4 ‘inssaid Alojesidxa pud dAnISod ¢334 ‘SNOUSARIIUL ‘AT ‘pIdR DIBJO YO

SC<SI
po1€1s 10N

9%05-G1 ulgo|bewayAxoqued)

BHww 00z > 4/d

P=3els 10N

pa1e3s 10N

Y | < Joj BHWW 00l > “Oed

QUI[9SB] WO 905 < dVYIA UonoNpaJ Jo/pue wdg 09 > YH JO BHWW GZ1 > 4/d
BHWW 001 > 4/d

ouljoseq Wold} wUCE_QEOu u_rcmc>_w Ul 9sealdap 90¢ pue @IEE 00€ = 4/d

9S8 > “0eS

BHWW 0§ > 4/d

U L < 10 BHww 001 > “Oed

po1el1s 10N

dUljaseq WOl 9dUe|dUWoD JIWRUAD Ul 9SBR103P %08 PUe BHWW 00€ S 4/d

SUIW G| J3A0 YO Al B/ W G0
TOH N L0 %1 BY/ W 6 pue ¢ x paieadal (By/7w) obeaej auljes

panalyoe Ainful [nun pajeadal (syiealq g Jo s9PA> Uyl ‘syiealq 7|
SPAD 1511 'HOWS UON0D JO SYIeaIq IA B3/ W 210 1) UOe[RyUl OWS

YO ‘N1 B/ TW SL0-10

(UOIIB|IIUDA [BDIUBYDAW JO UORBNUNRUOISIP) BIXODAH

SUIW Q€ J9A0 G471 /j03 7 ‘A1 ByY/Brig'e

panalyoe Ainfur jaun paleadal (O, /€ 18 BY/ W ) abeag| auljes
SUIW OF J9A0 YO A1 B/ W 70

panalyoe Ainful jnun pajeadas (B3/7w Of) obeAe| suljes

U L uigum Sq 402 3 A1 BY/6r 0z-gL

(aInxiw seb Alojelidsul J1xodAY aA31yoe 01 padnpal ¢Ol4) eIXOdAH

(Auned [eauoiilad ojul $333) Jo uondaful by/6 |) spiuoiuad
[eD3} pue paaalyde Anful jnun paieadal (O, /€ 18 JW OO0 L) abeAg| auljes

paAalyde Ainful
[UN suiw 09 A19As pateadal (D, Z€ 1e Ajesaie|ig TW 000 1) 9beAe| duleS

UO[IB1DSNSI POoo|q SNoHOojoINe/PIO|RISAID
AQ PaMO|04 Y 7 40y BHWIW G F O dvIN 0} beyioway pue (6-9 squ) |fem
159U [eJ1e| Ydea 01 (UWINjOD W-| Wolj yblam B S0 |18} 994)) AInful Junig

U L Ulymum Sq1 400 3 A1 ByY/6M 0z-81L
(01 g4 ‘0L “O14 ‘O“HWD 0 d33d ‘OfHW> O aunssaid Aiotendsul) uopejusa

[S1] ‘[P 39 UURULIDD

[£2] |e 13 Ajjedelo

[P L] e 12 Jexyays
[c2] e 1 19bue
[£1] e 12 noH

(61 e 12 wup|iA0y|
[€1] "[e 39 pjsulquag
[91] ‘| 19 UOSISPUSH
[17] e 12 ddoy

[92] "|e 18 Buog

[02] ‘|e 12 ddoy

[vc] "le 19 >red

(521 "fe 19 3Azose)d

[€7] e I9IN
[8¢] "|e 12 Buep

BHWW 057 > 4/d snoun(ul Jo Yz pue (duidns z ‘suoid 7) & X (D, 6€ 18 BY/ W ) abeae| auljes [1] ‘e 19 soely
BHWW 051 > 4/d uIW g 1370 YO A1 BY/W 10 [81] e 12 Wiy
(Sayy [eauswadxe) Ainfur Jo uoniuyaQ spoylaw Ainful pajielag Apnis

Ainfur Jo suoniuap pue sayy |euswpadxe bupnpul Jo spoyiaw pajieiad € ajqer



Page 10 of 17

(2019) 7:18

Millar et al. Intensive Care Medicine Experimental

4vA S0 dvA 8 4vA  dVdD S0 gvA 8 4vA  dVdD [¢7] '|e 12 1sbuen
81-91 8-9 81-91 8-9 [£1]7[e 12 noH
0r—S¢€ Y40] -0l S L79 90 Sl-cl ol [61] e 35 wup|IAo0y)
daays
INYON 0Ol ‘ODedu S 8 DA [€1] 1B 10 psuiqweq
Sh-6¢ 00€-00¢ NJON 0 0l S S1-01 [91] e 19 UOSISpUsH
NJON 08-09  WYON dvA 8 8-9 2d 0Ol ‘ODedu S 0l [12] '|e 12 ddoy
Sp-G¢ 09 < Sh—S€ 09<  §0-lC0 0€-01L = Od  S€0-1C0 0¢ 0 6-L 2d [9¢] "|e 19 Buos
4] 0l “ODedu [07] 'fe 12 ddoy
4vA dvA dvA SP=G¢ 9616 dvA 0Ol ‘ODedu S 8 [¥C] '8 19 e
ol Al S 9 2d (dRRER vall N
0] Gl S 8 A [€cl e IN
Sp-G¢ G0-€0 Gc-0¢ = 6L Jd  0€0-1¢0 0¢ 0 6L 2d [8¢] e 12 buep
05-0¢ 05-5¢ ‘ODedu S 0l OA ol 81-91 S 0l OA [¢1] "|e 12 soewy
sbid
Sh-5¢ 052051 0 [81] ‘[e 19 wiy
sboQg
BHwwW PHwW  BbHww BHwW uw/g  O%HWD  By/w uw/g  OfHWO  Byw
‘oded  “0ds ¢Oed ¢ODed cods 0ed ‘o SIS d33d N SPOW ‘o SIS d33d N OPOW
OWD3 buung OWD3 910jeg OWD3 buung OWD3 910jeg
s1961e1 9buBYDIXD SPD AKB31el1S J01|1IIUDA Apnig

OWD3 buunp pue 210Joq 1usuabeuewl AI0Je|IIUA JO S|1e12J ¥ djgel



Page 11 of 17

(2019) 7:18

Millar et al. Intensive Care Medicine Experimental

palien Yy ‘abuel [ewiou, 03 WYON ‘@inssaid Kemiie dARISOd SNONURUOD di/dD ‘PaJ|0J1u0d ainssaid Dd ‘Pa|j01Iu0d SWN|OA DA ‘@buel [ewlou Ul Z0Ded uleulew o3 04U ‘apIXolp uoged
40 ainssaud |enued |euale Z0)pd ‘uoneinies uabAxo jersyduad Zods ‘UsbAxo jo ainssaid |enued [eudue ZOopg ‘UsbAxo Jo uondely paiidsul ol ‘S1es Aiojelidsal yy ‘ainssaid Alojelidxa pus aAnIsod 4374 ‘DWN|oA [epi 1A

0L< £0-€0 0l-0 d [S1] "|e 39 UuPWLISD
Gh-G€ SP-5¢ gvA AAD L “ODedu 4 L [£2] '|e 32 Ajjedero]
Lco 9 0l 9t OA (1] '8 39 1e4RyS
BHwwW PHwW  BbHww BHwW uw/g  O%HWD  By/w uw/g  OfHWO  Byw
‘oded  “0ds ¢Oed ¢ODed cods 0ed ‘o dd d33d N SPOW ‘o dd d33d N 9POW
OWD3 buung OWD3 910jeg OWD3 buung OWD3 10499
s1961e1 9buBYDIXD SPD AKB31el1S J01|1IIUDA Apnig

(panunuo)) OWDI BPuLNP pue 910427 JusWabeURW AIOIR|IIUSA JO S|IP19( t d|qeLl



Page 12 of 17

(2019) 7:18

Millar et al. Intensive Care Medicine Experimental

OUDA-OUDA [e1JUDD IAA ‘A1avie Aleuownd yd ‘eAed euana Jouadns JAS ‘A191ie plloIed i) ‘|eLI91B-0UIA /| ‘UISA Jenbn/
|eUIIUI Af] ‘UIDA [RIOWD) A ‘UIDA JeINBN( [eUISIXD AfF ‘SNOUSA-OUIA A/ ‘B1IOE O ‘WinLile 1YBL Y ‘|elI9lIe-0USA [BIUSD JDA ‘D) BUlI0) PajeAnde [Jy ‘UINdI-ssadde Y- ‘UaBAX0 Jo uondely paidsul zO! ‘Youdid I

0'l-120 uIw/16€-57 +BWIXe|y DIUONPIN dwind J3]|01 U035 DASDA M [S1] e 39 uuewen
unedaH ol i/ | 0D %51 XeWIUIA DIUOLIP3A YDA YA [£2] e Ajedelol
05¢-0¢z  uiedsy 0L Moy dwnd 908  ulw/Bx/Tu 08-09 6l-lz @ xoipenD 1anbepy MOJJeI0Y 19nbe NERAE! M [L] e 13 Jexays
09l < uuedeH  0'1-50 uw/101-1 ulw/1g  udwnf-enp €7 195 SH 19nbepy djayoipied 1onbepy A3-A3 M [c2] ‘|e 10 JobueT
0cz-081  upedsy oL uw/b/ w0 uiw/Bx/ 1w 05 Sl-61 @ xoipenD 1enbey MojeIoy 19onbepy sy dvA [£1][e 3 noH
007 < unedasy w1 1-¢'1 YT Vi solus) Bewinua) dajeioy | Vd-DAS M [61] 18 39 WUp|IAO0Y
daays
0£12  uuedoH ol 0D %0¢ 0D %0€ Sl=/L 000/ 3LTIH SOPaW weansey2q sopa A M [€1]7e 18 Msuiquiaq
0708l  uieday uIw/B4/7W 001 0L-8 dwind J3]|01 12015 LANE VA [91] e 13 UosIapusH
0SL-0cl  uuedsy uiw/19-¢ 0D %0r-5¢ Sdn Sy s|diniy A3 - Ad M [17] '|e 3o ddoy
07z-08l uieday ol U/ ui/By/ 1w 08-0/ Zl=¥L  1100%Z 3LIH SOpa ensof 1anbepy A4-TA3 M [9¢] "|e 30 Buos
671 2 Uuedsy uw/1z 0D %0t-0€ L1-61 [e3uaWILIRAXT [IUENVIEeEe NERE M [02] e 15 ddoy
aulleseq X 6z-¢'L  uueday 4949 T1-1T U/ €-50 Lz/0z-1z/0z @ xoipenQ 1anbejy Moje10Y 1onbey A3-Md M [2] "[e 39 spied
0708l uueday I/ € U/ 187-+'C lz-€¢ s|dnini s|dnin Ar3—d M ST fe 19 yAzoueld
07c-081  uieday oL uw/Byuos uu/Bx/u 05 yl=#L @ xo1penD 1anbepy Moje10Y 1anbepy A=A A (€21 eI IN
0708l  uedsy ol uIw/B/1W 08-0/ 8-7L  1700vZ ALTIH SOPSN eSO 1anbepy Ad-A3 M [82] "|e 10 Buep
07z-08l  uueday U6y 69 ulw/By/ U G9  uswN-eNp €7 1100 3LIH SOPSA - OFS 2(0SUoD0Ig DIUOIPIN A3-A3 M [z1] fe 3o soexy
sbid
90 ulw/1z-8'L Vs rerdl 61-€C S|diny sdniniA ov-vY VA [81] 78 19 Wiy
sboq
u-v
(s) 196101 | DY 9dAL ol seb doamg MO|{  (I4) 9zIS ejnuue) 101eUSBAXO dwng uoneinbyuod  spony
uole|nbeodnuy sbumas QD3 wswdinba QD3 adAr onWD3 Apnis

Juswabeuew OWOJ Jo sjieled § alqeL



Millar et al. Intensive Care Medicine Experimental (2019) 7:18 Page 13 of 17

bacteria, a method frequently employed in singular models of experimental ARDS [31].
Recent work, using latent class analysis (LCA), has identified stable ARDS phenotypes
present in large clinical trial cohorts. These have been broadly represented as ‘hyper-’
or ‘hypo-inflammatory, each group having distinct clinical and biological features. Im-
portantly, sub-phenotypes also appear to have differing responses to treatment and var-
iations in outcome [39—41]. This work has implications for the design of pre-clinical
studies. In our review, there is a preponderance toward models which likely induce
‘hypo-inflammatory’ ARDS, such as oleic acid infusion and saline lavage, both have
which have been associated with a failure to induce pro-inflammatory cytokines or sig-
nificant neutrophil influx to the lung [31]. In future, investigators should consider phe-
notypes when contemplating a method of injury. Regardless of the method of achieving
experimental ARDS in animals, models that incorporate ECMO must also take account
of the severity of the disease. Only four studies identified by our review targeted an in-
jury which delivered a partial pressure of oxygen to inspired fraction of oxygen (P/F)
ratio of less than 100 mmHg [13, 20, 24, 25]. No included study evaluated ventilatory
pressures or the presence of acidosis as part of the definition of injury. Future models,
particularly those used to assess interventions during ECMO, should aim to replicate
clinically meaningful injury criteria such as those used for inclusion into large clinical
trials [3].

The supportive care administered to animals in included studies was an area of
significant variation. The choice of agent for the induction and maintenance of
anesthesia differed between studies, although almost all employed a total intraven-
ous approach. The influence of anesthesia on outcomes of interest should be con-
sidered during the design of a model, and this is particularly true in respect of
inhalational agents where emerging evidence points toward a potential role in
modifying the inflammatory response associated with ARDS [42]. Reassuringly,
most models described combining anesthetic and analgesic infusions, commonly
with the addition of fentanyl. Only four models reported the use of neuromuscular
blockade [12, 17, 24, 27]. Ten of the models were reported after publication of the
ACURASYS study, which reported an improvement in mortality among patients
with severe ARDS receiving early paralysis [43]. While some models may seek to
evaluate spontaneous breathing during ECMO, neuromuscular blockade should be
considered a standard of care in severe ARDS and thus be replicated as a feature
of a high fidelity pre-clinical model.

Mechanical ventilation practices, both before and after the institution of ECMO, were
poorly described. Few studies instituted lung-protective ventilation prior to ECMO and
many described using tidal volumes in excess of 8 mL/kg. Given the clear evidence for
low tidal volume ventilation in ARDS [44], failure to implement this in pre-clinical
models limits their validity. While the evidence supporting approaches to ventilation
during ECMO is less well defined, only one model reported the use of an
ultra-protective ventilatory strategy [14]. Levels of positive end-expiratory pressure
(PEEP) during ECMO also appear low when compared with contemporary clinical
practice [45]. Considering the importance of mechanical ventilation in ARDS and its
ability to aggravate injury through ventilator-induced lung injury (VILI), models of
ARDS and ECMO should at a minimum provide a detailed description of ventilatory
practices.
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In general, reporting of ECMO was more complete. All models provided a descrip-
tion of cannula configuration. In the future, investigators should use the Extracorporeal
Life Support Organization Maastricht Treaty on ECMO nomenclature to ensure
consistency and clarity [46]. As would be expected, models employed a variety of
ECMO devices, many of which are in contemporary clinical use. While flow and sweep
gas settings were well reported, few studies provided details on gas exchange targets
during ECMO, with only 1 in 4 stating a target PaO, and less than half providing a tar-
get PaCO,. Heparin was the anticoagulant of choice in every model that provided de-
tails of anticoagulation practice. Likewise, all but three studies provided target activated
clotting time (ACT) ranges. The ubiquity of ACT may reflect the relatively short dur-
ation of included models and the requirement for a cost-effective bedside measure of
coagulation. Anticoagulation targets varied between models, which may reflect continu-
ing uncertainty as to the optimal clinical regime [47].

No study identified by this review, and published after 2011, explicitly referenced the
ARRIVE guidelines for improving the reporting of animal studies [11]. This is perhaps
not a feature limited to models of ARDS and ECMO, but instead reflects a wider issue
with adherence despite widespread support for the standard [48]. While adherence to
the ARRIVE standards (or similar) is likely to enhance the quality and reproducibility
of published studies, there are many subject-specific domains (e.g., technical aspects of
ECMO, mechanical ventilation practices) which are equally important but omitted by
these higher-level guidelines. Several initiatives have attempted to address this in
pre-clinical stroke models and more recently in sepsis. Here we have outlined what do-
mains a minimum reporting standard for pre-clinical models of ARDS and ECMO may
contain (Table 6).

Table 6 Proposed domains of a minimum reporting standard for pre-clinical studies of ARDS and

ECMO
Domains Example items Notes
1. ARDS model and definition Method of injury, including dosing Should be consistent with
and duration ATS report [38]
Description of validation
Operational definition of injury
2. Mechanical ventilation Mode of ventilation
Target tidal volume
PEEP settings
Ventilatory strategy during ECMO
3. Supportive care Use of neuromuscular blockade
Prone positioning
Fluid therapy-type and quantity
4, ECMO equipment Pump and oxygenator make and model
Cannulae make and model
5. ECMO cannulation Standard description of configuration Should use Maastricht
Method of cannulation treaty nomenclature [46]
6. ECMO management Flow targets

Gas exchange targets/sweep gas management

Anticoagulation strategy and targets
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Limitations

Our review has several limitations. Firstly, despite each included study being the first
description of a combined model of ARDS and ECMO, occasionally investigators used
components of previous instances of experimental ARDS or ECMO in creating them.
Where such studies were referenced, we made every attempt to retrieve relevant data.
Secondly, no formal risk of bias assessment was undertaken as part of this review.
While this limited our ability to assess the quality of included studies, the principal aim
of our review was to identify and describe models. Finally, an arbitrary date was used to
exclude historical models of ARDS and ECMO. This was pre-judged to allow consider-
ation of models most likely to have contemporary clinical significance but may have ex-
cluded older models which remain viable.

Conclusion

A limited number of models combine the features of experimental ARDS with ECMO.
Among those that exist, there is significant heterogeneity in both design and reporting.
This creates difficulty in assessing results and in generalizing findings to clinical set-
tings. There is a need to standardize the reporting of pre-clinical studies using in this
area. This could be achieved by the introduction of a minimum data set for pre-clinical
ECMO studies.
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