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Abstract

We report a systematic review and meta-analysstuafies which assessed the
antinociceptive efficacy of cannabinoids, canndiased medicines, and endocannabinoid
system modulators on pain-associated behavioutabmes in animal models of
pathological or injury-related persistent pain.Aloril 2019, we systematically searched 3
online databases and used crowd science and mdehiméng to identify studies for
inclusion. We calculated a standardised meanrdifitee (SMD) effect size for each
comparison and performed a random effects meta/sinalWe assessed the impact of study
design characteristics and reporting of mitigatitmeeduce the risk of bias. We meta-
analysed 374 studies in which 171 intervention®vesisessed for antinociceptive efficacy in
rodent models of pathological or injury-relatedmaMost experiments were conducted in
male animals (86 %). Antinociceptive efficacy wasst frequently measured by attenuation
of hypersensitivity to evoked limb withdrawal. 8etive CB, CB,, non-selective
cannabinoid receptor agonists (including deltateateydrocannabinol; THC), and PPAR-
alpha agonists (predominantly palmitoylethanolamRI€A) significantly attenuated pain-
associated behaviours in a broad range of inflammand neuropathic pain models. Fatty
acid amide hydrolase (FAAH) inhibitors, monoacytmyol lipase (MGL) inhibitors and
cannabidiol (CBD) significantly attenuated painesated behaviours in neuropathic pain
models but yielded mixed results in inflammatorinpaodels. The reporting of criteria to
reduce the risk of bias was low, therefore theistidave an unclear risk of bias. The value
of future studies could be enhanced by improvimgréporting of methodological criteria, the
clinical relevance of the models and behaviouraéasments. Notwithstanding, the evidence

supports the hypothesis of cannabinoid-inducedyasa.
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Introduction

Cannabinoids, cannabis-based medicines, and entilzianid system modulators as

potential therapeutics for pain management araaeasing research interest. The
endocannabinoid system, comprised of the cannabiyjpe 1 (CB) and type 2 (CB

receptors, their endogenous ligands, and the ergjima¢ metabolise the endogenous ligands,
is implicated in pain modulatiom vivo. Hence, cannabinoids, cannabis-based medicines and
endocannabinoid system modulators as possiblepbetias for pain management have been
studied extensively in animal models (reviewed meséntly in our companion narrative
review Finn et al. [20] and [52; 60]. Table 1 pms examples and current terminology and

definitions of this diverse range of potential dygautics.

There are, however, several unanswered questioranmg. For example, there is
uncertainty regarding the clinical evidence for &malgesic efficacy of cannabinoids,
cannabis-based medicines, and endocannabinoidrsystelulators, and it is not clear
whether the current clinical evidence, based ugficeey and safety considerations, justifies

their use for pain management [22; 50].

These findings strengthen the rationale for assggbie full evidence base. Improving our
understanding of the preclinical literature wilkiee inform future clinical research. Animal
models of injury-related and pathological persisfein are used to investigate the
underlying pathophysiology as well as to asseseftimacy and adverse effect profile of

potential analgesics. Such studies provide justifie and indications for clinical trials. The



failure to translate findings from preclinical raseh to clinical treatment has raised questions
about the predictive validity and utility of animalodels in drug development

[31]. Limitations in experimental design [2; 3¢hnduct [11; 38], analysis and reporting [8;
45] may be compounding the challenges of transiatipain research and hindering the

development of effective therapies.

As part of the International Association for the@®t of Pain (IASP) Presidential Taskforce
on Cannabis and Cannabinoid Analgesia we perfoar@eclinical systematic review and
meta-analysis of the available evidence on candzdsed medicines, cannabinoids and
endocannabinoid system modulators tested for aritiaptive effects in-animal models of
injury-related or pathological persistent pain. Wave made the full dataset available on the

Open Science Framework for further investigatidip@/osf.io/2qde5/).

Aims and Objectives
The review was conducted using the CAMARADES SysiterReview Facility online

platform (SyRF; www.syrf.org.uk). A crowd was reited to assist with the study selection,

annotation, and data extraction stages of thewevia addition, machine learning was used
to perform error analysis to ensure that all redéwudies were identified for inclusion. We
aimed to (1) estimate the efficacy of cannabinadsnimal models of injury-related or
pathological persistent pain, (2) assess the impfatte studies’ internal and external validity
on the reported behavioural outcome measures,3ndgntify the presence of publication
bias and determine its magnitude. By exploringréperted quality and design
characteristics of preclinical studies testingeffecacy of these drugs, we aimed to provide
evidence and useful information for preclinicaleashers wishing to increase scientific
validity, improve the design of experiments andn@thein vivo modelling of injury-related

or pathological persistent pain.



[Table 1]

Methods
The methods for the review were prespecified instiuely protocol, registered on
PROSPERO (CRD42019124804;

https://www.crd.york.ac.uk/prospero/display_recphh?ID=CRD42019124804) and

published [51]. We do not have any deviations ftbenprotocol to report.

Crowd Recruitment, Training and Contribution

Ethical approval to use a crowd was obtained indd&019 from Imperial College London's
Head of Surgery and Cancer and Science, Engineandd echnology Research Ethics
Committee. Crowd members were recruited by adsiagithrough the IASP network,
collaborators, and students using direct commuioicabewsletters, and social media.
Volunteers were required to pass training modues€loped by NS hosted on the platform

Learn to SyRF; learn.syrf.org.uk ) for both scregrand data extraction. To pass the

screening training, participants had to correctbkethe include or exclude decisions for 10
consecutive publications. For data extraction, theye presented with studies to extract data
from, and were required to score greater than §0d¥hpared to “gold standard”) for 5
successive studies. The pass thresholds wenerdieéel based upon agreement between
expert reviewers in prior reviews. In accordan@® \W.MJE criteria, crowd members could
join the authorship team upon completion of scregiver 350 studies and extracting data
from 35 studies (or 40 studies if they joined latethe review process). Those who did not

meet these thresholds are acknowledged for thairibation.

Search
In April 2019, 3 online databases (PubMed, Webaéikce and Ovid Embase) were

systematically searched with no language restnstto identify publications reporting



testing of a cannabis-based medicine, cannabinordsdocannabinoid system modulator
for antinociception in am vivo model of persistent pain. The general searchsama given
below; full search strategy can be found on therCpaence Framework Cannabinoid
Preclinical SR search strategy

(https://ost.io/2gde5/?view_only=45aa94bb8ed64dd2had/9af5a0e72 ):

Cannabinoids OR cannabis OR marijuana OR marihQ&haemp OR hashish OR
cannabinoid OR cannabinoids OR cannabidiol ORhgthaocannabinol OR
“endocannabinoid modulator” OR FAAH OR MGL OR MAGR ABHD6 OR ABHD12
OR *“fatty acid binding protein” OR NAAA OR endocaahinoid OR endocannabinoids OR
endo-cannabinoid OR FAAH inhibitor OR FAAH inhilmii OR MAGL inhibitor OR MAGL
inhibition OR MGL inhibitor OR MGL inhibition OR aandamide transport inhibitor OR
anandamide transport inhibition OR “ABHD6 inhibit@R “ABHD6 inhibition” OR
“ABHD12 inhibitor” OR “ABHD12 inhibition” OR NAAA inhibitor OR NAAA inhibition
OR “Fatty acid Binding Protein inhibitor” OR “fattgcid binding protein inhibition” OR
FABP inhibition OR FABP inhibitor OR allosteric makhtor OR “endocannabinoid
modulators” OR “endo-cannabinoid modulators” ORdestannabinoid modulator” OR
FAAH inhibitors OR MAGL inhibitors OR MGL inhibita OR anandamide transport
inhibitors OR “ABHDG6 inhibitors” OR “ABHD12 inhibibrs” OR NAAA inhibitors OR
“Fatty acid Binding Protein inhibitors” OR FABP iitiitors OR allosteric modulators OR
PEA OR palmitoylethanolamide AND Pain OR Hyperalg€3R pain OR analgesia OR
analgesic OR analgesics OR allodynia OR neuralgldh@persensitivity OR hyperalgesia
OR hyperalgesic OR antinociception OR anti-nocicgpOR hypoalgesia OR hypoalgesic
OR anti-hyperalgesia OR antihyperalgesia OR anghglgesic OR anti-hyperalgesic OR
anti-allodynic OR antiallodynic OR anti-allodynidRCantiallodynia AND Animal search

filters.



Search results were limited to animal studies udatg-based search filters [12; 28]. The

search results were amalgamated into an EndnotelipX&@ry and duplicates removed.

Inclusion and Exclusion Criteria
Population: any injury-related or pathological p&ient pain model. Persistent pain was
described as typically studied over a period ofrepdays, weeks, or months, and therefore

for inclusion, a minimum experiment length of 1 h.

Intervention: any cannabinoid, cannabis-based nrezlar endocannabinoid system

modulator administered to assess antinociceptieetef

Comparison: a separate cohort of animals in whiemtodel was induced and was given a

vehicle control treatment.

Outcome: any pain-associated behavioural outconzesuanes

For the meta-analysis, studies were required tortépe number of animals per group, the
mean, and a measure of variance (either the sthedanr of the mean (SEM) or standard
deviation (SD)). Studies assessing the drug ietgren in a model of acute pain were
excluded (pathological or injury-related modelsspmg for less than 1 h or naive/healthy
animals used in pain-associated behavioural assegsm Similarly, studies that did not
have an appropriate control were excluded. Fomgka, the same animal could not be used
for both, e.g. contralateral is not suitable canfivoipsilateral due to the possibility of

contralateral sensory changes that could affectoon¢ measures.

Study Selection

Using SyRF the articles identified in the searchenmanually screened based on title and
abstract by two independent reviewers, with disanepes reconciled by a third. To ensure
that the crowd had correctly identified and incldddl relevant studies, the human decisions

were used to train a machine learning algorithm BEijror analysis was conducted in an

10



iterative manner, presenting the top 200 studiepdssible inclusion for screening. These
were screened by an expert reviewer (NS) untiktieas not a change in the decisions for

either inclusion or exclusion.

Risk of Bias

In accordance with the CAMARADES checklist [34] aathptation of the SYRCLE Risk of
Bias tool [27], the risk of bias of the includeddies was assessed by recording the reporting
of 5 methodological quality criteria: sample sizécalation, randomisation, allocation
concealment, blinded assessment of outcome andiregpof animal exclusions. Criteria

were extracted by two independent reviewers antefigncies reconciled by a third. Risk
was scored high, low, or unclear based upon thertieg of the method. Reporting a
statement of potential conflicts of interest anadaipliance of animal welfare regulations

[33; 34] were collected but were not included ia dverall risk of bias.

Data Extraction

Data were extracted into SyRF. For all includediss, details of publication, model,
intervention, outcome assessment (Table 2) and eiperiment details were extracted
(Table 3). Qutcome data presented graphically wentected using digital ruler software
(Universal Desktop Ruler, Adobe ruler, Webplotdigt) to determine values. When
multiple time points were presented, the time pthat showed the greatest difference
between control group and treatment group was eela If the type of variance (e.g. SEM
or SD) was not reported, it was characterised &8 Bécause this is the more conservative
approach, asstudies are weighted in part by thersevof the observed variance. For each

study, data were extracted by two independent weie

11



Data Reconciliation

Data extracted by two independent reviewers wengpeoed, and any discrepancies
reconciled by a third independent reviewer. Fdcomne data, which was predominantly
reported in graphs, the standardised mean differeffect size of individual comparison was
calculated for each reviewer’s extracted datdyeke differed by >10% they required
reconciliation. When they differed by <10%, a meathe two means and variances was

calculated.

[Table?2]

[Table3]

Data Analysis

The meta-analysis was conducted in accordancetetquidelines described by Vesterinen
et al. [55]. The data have been analysed as aevdmal subgroup analyses were conducted to
investigate how effect sizes vary according to gitlthracteristics e.g. species, strain, sex,
the type of injury/pathology modelled and the omteomeasure. Data pertaining to the
cannabinoid-related intervention were extractetuofiog the time point of admission relative
to model induction; either prophylactically (pre-d&b induction), or therapeutically (post-

maodel induction).

A Hedge’s G standardised mean difference (SMD)ceBe&e was calculated for each
comparison. Effect sizes were weighted using thierse variance method to reflect the
contribution of each comparison to the total efeestimate. When a single control group
served multiple treatment groups, the control greaqmple size was adjusted by dividing the

number of animals in the control group by the nundf¢reatment groups served to avoid

12



artificial inflation of n. When more than one paiasociated behavioural outcome was
reported for the same cohort of animals, the corapas were combined to provide a single
nested comparison that is a summary effect for eabbrt. Cohort-level effect sizes were
then pooled using a random-effects model (adjussaty the Hartung-Knapp-Sidik-Jonkman
method [25; 26] and the restricted maximume-liketidonodel was used to estimate

heterogeneity; the variation of outcomes acrosdiessy54].

Subgroup analyses (stratified meta-analyses fegoaical variables) were performed to
investigate how study characteristics influenceawerall estimates of effects. The subgroup
analyses aim to provide empirical evidence to mfexperimental design and refine
modelling of injury-related or pathological persist pain and the extent to which predefined
study design and study risk of bias characteriglitsr in their overall estimates of effect.
The study design factors analysed using stratifieth-analysis were animal species, strain
and sex, model type, outcome measure type, thetiapetervention, and intervention type.
Where possible, drugs have been classed by meamaniaction as listed in the
IUPHAR/BPS Guide to Pharmacology [1]. Several driigve multiple potential sites of
action and these have been classified accordir@haracteristics of the intervention, e.g.
dose and route of delivery are important but ineably linked to the intervention and,
therefore, were not analysed independently. Weadsessed the impact of the reporting of
methodological quality criteria and compared theled effect size of studies that did report

a specific criterion with the pooled effect of seglthat did not.

The analyses were conducted using R version :af®the packages meta (version 4.15.1)

metafor (version 2.4.0) [56] and dmetar (versidh@D00) [24].

13



Publication Bias

Funnel plots were generated by plotting each studifect size on the x axis against it's
sample-size based precision estimaté\lon the y axis, in accordance with guidance by
Zwetsloot et al. [61]. The potential for publieatibias was assessed by visual inspection of
the asymmetry of funnel plots. Trim and fill ansikyattempted to correct for funnel plot
asymmetry by imputing the theoretically missingdé#s on the left-hand side of the plot and
enabling a recalculation of the overall effect giZg]. In addition, Egger’s regression

allowed for a statistical assessment of the presehpublication bias [17].

Results

Crowd Recruitment, Training and Contribution

The recruitment strategy aimed to target bioscsemtiut there were not any pre-requisite
criteria. Volunteers had varied knowledge of the¢and experience of the systematic
review process. 453 people from 44 countries signeto the project. Of those, 100 went on
to make a meaningful contribution to the projeathv28 making a large enough contribution
to meet authorship criteria. The crowd took 6 veestekcomplete the screening phase and 37

weeks to complete data extraction.

Systematic search, Study Selection and Error Amalys
The systematic search identified 10,816 articleséoeening against the inclusion/exclusion
criteria. (Search results are available on thenCgaence Framework

https://osf.io/2qde5/?view_only=45aa94bb8ed64d42bdOaf5a0e72). A total of 850

studies were initially identified for inclusion.riér analysis of the included studies was
performed manually and 228 (26.8% of the includediss) had been wrongly included.

The incorrectly included studies all tested anrirgation for physiological anti-nociception

14



in healthy animals, not in a model of pathologimainjury-related persistent pain. All human
decisions were then used to train the machine ilegualgorithm. The machine ranked and
presented the studies where there was a diffetegigeeen human and machine decisions. In
the first iteration, the machine performed with®@ensitivity and 89 % specificity which
improved with each iteration to an eventual sevigitof 95 % and specificity of 94 %.

During the error analysis process a further 12Q0€@iss were presented for screening. A total
of 137 decisions changed leading to an eventualsian of 751 studies: 129 wrongly

excluded were included and 8 wrongly included, actet!.

A further 278 articles were excluded at full tegteening, conducted concurrently to the
annotation and data extraction stages, leading tocusion of 473 studies (Figure 1). 99
studies were missing key information for meta-asigly Data extracted from the 374 studies

gualifying for inclusion and meta-analysis are preésd here.

[Figurel]

Study Characteristics

In the 374 studies included in the meta-analysi3, ifiterventions were assessed for
antinociceptive effect in models of pathologicalmury related persistent pain (see Table,
Supplemental Digital Content 1, for included stlidyyand study characteristics; available at
http://links.lIww.com/PAIN/B332). The drugs aretéd by mechanism of action (23 drug
classes) in Table 4 (see Table, Supplemental Di@datent 2, for full list; available at
http://links.lww.com/PAIN/B333). CBand CB receptor agonists were tested most
frequently, 281 (19 %) and 299 (20 %) comparisoespectively. The most frequently
tested drug was the GBeceptor agonist, WIN55,212-2 (n=194 comparis@Bs). 20

model types were used (Table 5); inflammation, eenyury, and formalin were used most

frequently: 30 % (n=467 comparisons), 27 % (n=4d@garisons), 15 % (n=235

15



comparisons) respectively. Over 16,000 animalewerluded in the analysis with a median
of 24 animal’s pain-associated behavioural outcdata extracted from each included study

(arange of 4 to 162).

[Table 4]

[Table5]

All experiments were conducted in rodents. 56 %48Gb comparisons) were conducted in
rats and 44 % (n=678 comparisons) were conductedda. Male animals were used in 86
% (n=1334 comparisons) and female animals were nsédo (n=110 comparisons). 2 %
(n=28) used mixed sex groups and 5 % (n=74 comg@)did not report the sex of the
animals used. Evoked limb withdrawal to mecharacal thermal stimuli were the most
frequently used pain-associated behavioural outcoeesures; 51 % (n=791 comparisons)

and 22 % (n=343 comparisons) respectively.

To inform a narrative review [20] and future restathe following was annotated for each
study and is summarised in Table 6: Whether thadystwestigated the effects of drug on
non-pain related motor activity, the pharmacokmetoperties, tissue concentrations, and
where applicable confirmed the cannabinoid recepsrthe target. Additionally, we
assessed whether the study investigated poteoxial ¢éffects, effects on dependency and on
aspects of animal behaviour potentially reflectamyiety- and depression-related behaviour.
We also assessed whether electrophysiology (edg dynamic range and nociceptive
specific cells) or markers for neuronal activityg(ec-fos, Fos, ERK, p38 MAPK) were

measured in studies of antinociceptive efficacy.

[Table 6]
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Meta-analysis of the antinociceptive efficacy @atment with a cannabinoid, cannabis-based

medicine, or endocannabinoid system modulator

A total of 374 studies, comprising 1544 comparisamgstigated the effects of
cannabinoids, cannabis-based medicines, and enuaziaonid system modulators in models
of pathological or injury-related persistent palProphylactic and/or therapeutic
administration of the drugs led to a significarteatiation of pain-associated behaviour
compared to control (SMD=1.321 [95 % CI 1.232 11} ‘Heterogeneity was moderate (I

= 61.58 %) (Figure 2).
[Figure2]

Effects of study characteristics on antinocicep#ffecacy

Subgroup analyses demonstrated that species aeddonta significant proportion of
heterogeneity (Q=17, d.f. 2, p<0.005). Therefoaés and mice have been analysed
separately. Further subgroup analyses were corditwetermine if the antinociceptive

effect varies due to study design characteristics.

Rats

Rats were used in 276 studies (n = 6479, 864 caague) to assess the potential
antinociceptive effect of the treatments. 95 weéetions were tested in 11 model types. The
treatments led to a significant attenuation of geseociated behaviour compared to control
(SMD=1.306 [95 % CI 1.199 — 1.412]). Heterogeneigs moderatd{= 57.8 %,

Q=2044.69, d.f. 863, p<0.0001).

The drug and drug class accounted for a signifipesportion of heterogeneity (Q=1338.17,
d.f. 94, p<0.0001 and Q=36.37 d.f. 20 p<0.05). d@ompounds not included in the

classification were classified based upon the mashaof action reported by the study

17



authors. CBreceptor agonists and @Beceptor agonists were most frequently asses€&d (1
and 159 comparisons respectively). Most drug elsssulted in a significant
antinociceptive effect; NAAA inhibitors producedethargest significant attenuation of pain-
associated behaviour compared to control (SMD=[Q5% CI 1.17 — 2.01]), whereas
PPAR-gamma antagonist, GPR55 agonist, hemp oil,FF/&Bibitors and CBreceptor

inverse agonist did not have significant effectybweer these were of single studies or single
comparisons. Although their effect is smaller, @#® and CB receptor agonists are
comprised from data from a high number of animats @@mparisons therefore can have
greater confidence in the stability of the effe€he smallest significant effect was elicited by
CBD (SMD=1.12 [95% CI 0.84 — 1.40]). Most drugsrev@ssessed post model induction
(702 comparisons). Whether the drug was admimdtprophylactically, or therapeutically,

did not account for a significant amount of hetemgty (Q=0.30, d.f. 2, p=0.9) (Figure 3a).
[Figure 3]

Mice

Mice were used in 153 studies (n = 6876, 677 corspas) to assess the potential
antinociceptive effect of the treatments. 110 drwgre tested in 15 model types. Overall,
the treatments led to a statistically significae@uation of pain-associated behaviour
compared to control (SMD = 1.353[ 95 % CI 1.199508], p<0.0001). Heterogeneity was

moderate (=66.7 %, Q=2027.72, d.f. 676, p<0.0001).

The drug and drug class accounted for a signifipamportion of heterogeneity (Q=5332.76,
d.f. 109, p<0.0001 and Q=82.26 d.f. 23 p<0.000@1B, receptor agonists and FAAH
inhibitors were assessed most (137 and 103 congpariespectively). As in rats, most drug
classes produced a significant antinociceptiveceff@he largest significant attenuation of

pain-associated behaviour compared to control ejasrted for NAAA inhibitors (SMD =

18



3.23 [95% CI 1.97-4.50]) although, we can have noor&idence in the smaller effect sizes
of the CB receptor agonists and FAAH inhibitors. Additidgah FAAH inhibitor/TRPV1

agonist and ABHD®G inhibitors did not significantiftenuate pain-associated behaviours.

Most drugs were assessed post model inductionddiffparisons) and whether they were
administered pre- or post-model induction accouftea significant amount of
heterogeneity (SMD=1.173 [95% CI 0.921-1.434] aMD&1.415 [95 % Cl 1.227-1.602]

Q=15.07, d.f. 2, p=0.005) (Figure 3b).

Interpreting effect sizes

Effect sizes are influenced by two factors: the méifference between groups and the
variance within the groups. This is of importafmebiomedical research as preclinical
studies typically lead to larger effect sizes thinical studies due to the homogenous and
controlled nature of the experiments limiting thiserved variance (i.e. the larger effect size
is often due to smaller variance not larger meé#fierdinces). To assist interpretation, the
overall SMD effect of 1.321 suggests that 90.7 %heftreatment group will have a mean
larger than the mean of the control group, witloaerlap between the two groups of 50.9 %
(Figure 4). This concept is further illustrated floe drug classes assessed for antinociceptive

effect in both rats and mice in Table 7.

[Figure4]

Animal model characteristics

Stratified meta-analyses were conducted to deterthia influence of animal model
characteristics on the observed effect sizes;dtest plots pertaining to rat characteristics are
presented in Figure 5; model (A), strain (B), S€x &nd outcome measure (D). Similarly,

mouse characteristics are presented in Figure @gh{8), strain (B), sex (C) and outcome

19



measure (D). The results are presented thematioalbw and with reference to both figures

5 and 6.

Model Type

In both rats and mice, the model type accounted &ignificant proportion of heterogeneity
(Q=36.56, d.f. 13, p<0.0025 and Q=173.03, d.f.g0.0001 respectively). Of the 15 model
types, inflammation followed by nerve injury weredelled most frequently in both rats
(269 and 259 comparisons) and mice (195 and 154¢aosons). In rats, the largest
attenuation of pain-associated behaviour comparedntrol was reported in models of burn
injury (SMD=2.23 [95% CI 0.33 — 4.14]) and the skasi significant attenuation was
reported in models of inflammation (SMD=1.16 [95%023 - 1.38]. The overall estimate
of effect was significant for most rat model tyge®ept heat injury, migraine, and capsaicin
models (Figure 5a). In mice, the largest significatenuation of pain-associated behaviour
compared to control was reported in the mouse mafddlV protein associated neuropathy
(SMD=7.932 [95% CI 5.115 — 10.748], whereas thell@sitasignificant attenuation was
reported in nerve injury models (SMD=1.04 [95% C110- 1.36]). The estimate of effect
was significant in most mouse models, except sick&ledisease, visceral inflammation,

multiple sclerosis, and mustard oil (Figure 6a).

Strain

Strain accounted for a significant proportion ofdnegeneity; 12 different strains of rats
(Q=39.41, d.f. 11, p<0.0001) and 29 different sisadf mice were reported (Q=281.08, d.f.
28, p<0.0001). Inrats, Sprague Dawley and Wisttain were reported most (n=5148, 458
comparisons and n=3655, 361 comparisons respegtivall report significant effects
except Wistar-Kyoto, Fischer 344, Wistar Han andféfialbino, and the obese diabetic

ZDF/crl-lepr/fa, as well as those strains that wesereported (Figure 5b). In mice, the
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C57BL/6J strain was most frequently reported (n=1 282 comparisons). The effects of the

drugs were significant in over half of the strams insignificant in 13 strains (Figure 6b).

Sex

In rats, sex accounted for a significant proportbheterogeneity (Q=21.65, d.f. 3, p<0.001)
(Figure 5c) whilst mouse sex did not (Q=7.39, 8.f=0.06) (Figure 6c). Most of the data
are from male animals. Female only animal groupsewsed in 23 studies (6 %, n=1307),
mixed sex groups in 8 studies (2 %, n=86) comptr&D2 studies using male groups. In
rats, 91 % of the experiments (n=8337, 786 compasisand 3 % (n = 650, 48 comparisons)
of the experiments were conducted using male amdl&rats, respectively. The sex was not
reported for 28 comparisons (n=213) and 4 compasi$n=60) used mixed sex groups. In
mice, 81 % of the experiments used male animats§h74, 678 comparisons) and 9 % used
female animals (n = 657, 66 comparisons). Theasexnot reported for 43 comparisons

(n=438) and 24 comparisons (n=207) used mixed s&xg.

Pain-associated behavioural outcome measures

In both rats (Figure 5d) and mice (Figure 6d),tipe of pain-associated outcome measure
accounted for a significant proportion of heteraggn(rat; Q=160.28, d.f. 5, p<0.0001 and
mouse; Q=20.96, d.f. 5 p<0.001). Evoked limb wittveal to mechanical stimulation was
most frequently reported (451 and 449 comparisatssand mice respectively). Significant
effects were observed for all outcome assessmpastpr rats, however, in mice, effect

sizes for complex and non-evoked assessment typesmot significant.

[Figure5and 6]

Antinociceptive efficacy of drug classes in diffetenodel types
In rats, CB and CBreceptor agonists were assessed most, with 10 arati8l types,

respectively. The antinociceptive effect of the tivag classes was significant in most model
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types (see Table, Supplemental Digital Contentr3lfag class effects in individual model
types, available at http://links.lww.com/PAIN/B33#grve injury, chemotherapy induced
peripheral neuropathy (CIPN) and cancer modelsweavyer, CB receptor agonists did not
significantly attenuate pain-associated behaviounflammation and heat injury models (31
and 7 comparisons respectively). Within rat inflaation models, the results are mixed; the
CB; receptor agonists did not significantly attenysa-associated behaviours in models of
carrageenan (10 comparisons) and osteoarthritisr(fparison). CBreceptor agonists did
not significantly attenuate pain-associated behaviothe rat formalin and migraine models
(4 comparisons in each). FAAH inhibitors and PP&Raa agonists (exclusively PEA, OEA
and analogues of PEA) were also assessed in a tangd of model types, 6 and 10 model
types respectively. PPAR-alpha agonists signitlgaattenuated pain-associated behaviours
across all model types whereas FAAH inhibitors destiated antinociceptive effects in
neuropathic pain-associated models (e.g. nerveyinitiPN and diabetes) but a mixed effect
was observed in inflammation-associated models.FAdtibitors (comprising 26 individual
drugs) significantly attenuated pain-associatedabielurs in the Complete Freund’s
Adjuvant and formalin models but not in carrageefidncomparisons) or osteoarthritis (12
comparisons) models (see Table, Supplemental Di@datent 4, for drug class effects in rat

inflammation models available at http://links.lwam/PAIN/B335).

In mice, CB receptor agonists and FAAH inhibitors were asskasest across 10 and 8
model types respectively (see Tables, Supplem®&ngital Content 5 and 6 for full drug

class effects in mouse models, available at Hitgk&.lww.com/PAIN/B336 and

http://links.lww.com/PAIN/B337). CBreceptor agonists significantly attenuated pain-
associated behaviours in mouse cancer and visolemhmation models but not in nerve
injury (33 comparisons), multiple sclerosis modetomparisons) and CIPN (2 comparisons)

models. FAAH inhibitors significantly attenuatedip-associated behaviours in
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inflammation (38 comparisons), nerve injury (29 @amsons), formalin (15 comparisons),
post-operative (4 comparisons), and diabetes (3aosons) models but not in CIPN (8
comparisons), visceral inflammation (5 comparis@rg) mustard oil (1 comparison) models.
CB;and CB receptor agonists were both assessed in 6 mqued gnd significantly
attenuated pain-associated behaviours in all miygek except nerve injury. Like rats,
PPAR-alpha agonists significantly attenuated paspeiated behaviours in the 4 model types

in which they were assessed; nerve injury, inflatmona formalin, and CIPN models.

Risk of Bias

The overall risk of bias of the 374 included stedeunclear. The reporting of
methodological quality criteria was low: 47 % (17&ported blinded assessment of outcome,
32 % (118) reported randomisation (to treatmemtomtrol group), 14 % (54) reported animal
exclusions, 13 % (49) reported predetermined anaxelusion criteria, 4 % (15) reported
allocation concealment, and 3 % (12) reported gtasize calculation (Figure 7a). This
contrasts with the reporting of conflict of interé4 % (203) and high reporting of
compliance with animal welfare regulations, 94 %38 The highest number of criteria
reported was 4 out of 6 in 10 studies. The methoadsow bias was mitigated were rarely
reported therefore the studies are at an unclglaofibias (Figure 7b; see Table,
Supplemental Digital Content 7, a traffic light pfyesenting the risk of bias judgement for

each study, available at http://links.lww.com/PABSB8).

[Figure7].

Reporting of blinded assessment of outcome, prerehéed animal inclusion criteria and
animal exclusions did not account for a significargportion of heterogeneity. Allocation
concealment, randomisation and sample size cailenlatcounted for a significant

proportion of heterogeneity. In the case of samsjde calculation and allocation
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concealment the low prevalence of reporting mayt louar ability to accurately determine
their influence on the reported outcomes. Howeeeger effect sizes were reported in the
studies that did not report allocation concealnagtt sample size calculations, SMD=1.345
vs SMD=1.055 (Q=5.299, d.f.1, p=0.021) and SMD=0.22 1.349 (Q=18.104, d.f.1,
p<0.0001) respectively. It was the converse fadoanisation, where larger effect sizes were
reported in studies that did report randomisatieMD=1.471 vs SMD=1.245, Q=5.792,

d.f.1, p=0.016)(Figure 8).

[Figure§]

Publication Bias

Analysis of the data from the 374 included stuthiage an overall effect size (SMD) of 1.321
[95 % CI 1.232 — 1.411]. Visual inspection of thenel plot shows normal distribution.
Egger’s regression was not consistent with effettamnall studies (p=0.112) and did not
indicate the presence of funnel plot asymmetrymTaind fill analysis did not impute any

theoretically missing studies (Figure 9).

[Figure 9]

Discussion
We report a systematic review of preclinical stsdrewhich cannabinoids, cannabis-based
medicines and endocannabinoid system modulators agsessed for behavioural signs of

antinociceptive efficacy in animal models of injulated or pathological persistent pain.

We identified 374 studies including over 16,000aw0ts in which 171 different cannabis-
based medicines, cannabinoids or endocannabinsidraymodulators were assessed for
antinociceptive efficacy in 20 different animal nebtlypes of injury-related or pathological

persistent pain. All the included studies invesiggl effects in rodents only, suggesting a
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scarcity of studies investigating antinociceptifie@s in larger animals e.g. canines and

primates.

Most experiments were conducted in male Spraguddyanats, with inflammation and
nerve injury most frequently modelled. Antinocitep efficacy was measured
predominantly by attenuation of hypersensitivityehoked limb withdrawal assessments.
The interventions led to a statistically significattenuation of pain-associated behaviour
compared to control, the overall SMD was 1.32199&1 1.232 — 1.411]. However, this
groups together a very broad range of drugs, dagges (some with opposing mechanisms
of action), models and pain-associated behaviauttome measures. Thus, more useful
insight of the antinociceptive efficacy of theseghs has been gained from the subgroup

analyses.

Antinociceptive efficacy of cannabinoids, cannabésed medicines, and endocannabinoid
system modulators

Selective CB, CB,, non-selective cannabinoid receptor agonistsyaing delta-9-
tetrahydrocannabinol; THC), and PPAR-alpha agorfsedominantly
palmitoylethanolamide; PEA) significantly attenuhf®in-associated behaviours in a broad
range of inflammatory and neuropathic pain modélatty acid amide hydrolase (FAAH)
inhibitors, monoacylglycerol lipase (MGL) inhibioand cannabidiol (CBD) significantly
attenuated pain-associated behaviours in neurapadim models but yielded mixed results
in inflammatory pain models. The differences ofiamticeptive efficacy may be inherent to
the interventions but are also likely to be infloed by other study design characteristics.
Careful consideration should be given to the chofcgpecies, strain, and sex in relation to
the clinical condition being modelled, coupled witie need to assess efficacy using multiple

species, strains, models, and pain-associated imeitaloutcomes; the conclusions will be
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dependent on these variables [37]. Increasingithiegical variation will improve the

generalisability of the results.

There are many different strains of the cannalaistggach containing different amounts of
phytocannabinoids [7]. Of note, is the psychoa&ctemponent, THC, whose
pharmacological effects are attributed to actiaitypoth the cannabinoid receptors. THC
significantly attenuated pain-associated behaviouesbroad range of models however, we
have not been able to analyse the broader efféthe @rug. Similarly, CBD significantly
attenuated pain-associated behaviours in a broapgkraf models. Most drugs assessed were
small molecule CBand CB receptor agonists and non-selective agonists. CBieand CB
receptor agonists consistently significantly ateged pain-associated behaviours in a broad
range of rat models however their antinocicepti¥ect was less consistent in the mouse
models. Unlike in rats, in mouse nerve injury med€lB and CB receptor agonists did not
significantly attenuate pain related behaviour. denot assess side effects (e.g. motor
impairment, hypothermia or anxiolysis) that coulluence the interpretation of pain-

associated behaviour, although these assessmemtsnotecommonly reported.

Endocannabinoid system modulators e.g. FAAH and Nt@ibitors, are considered
promising targets for analgesic drug developméet,eby preventing the harms associated
with cannabis and orthosteric cannabinoid agofistsewed by Guindon and Hohmann
[23]). The evidence for efficacy of FAAH inhibit®rs mixed. In rats and mice, FAAH
inhibitors significantly attenuated pain-associabetiaviours in nerve injury, formalin, and
diabetes models. However, they did not signifiaattenuate pain-associated behaviours of
rat models of inflammation and both rat and mouseets of visceral inflammation. The
FAAH inhibitors significantly attenuated pain-asgted behaviours in CFA but not in
osteoarthritis models. The evidence indicatesFAs&H inhibitors are least effective for
osteoarthritis but may be a viable candidate fattnent of neuropathic pain conditions.
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Concomitantly, the FAAH inhibitor, PF-04457845 |éal to demonstrate analgesic efficacy
in a randomised placebo-controlled clinical tribbsteoarthritis patients [30]. Our findings
support the potential utility of a prospective pir@cal animal systematic review and meta-

analysis to review the animal efficacy data praclinical trial.

The drugs were grouped by class, however, the dhggsselves can activate different
signalling pathways and the signalling pathwaysessary for therapeutic effect are not fully
understood. This is particularly pertinent to #@mtéinociceptive potential of inverse agonists;
the data do not represent all inverse agonistesutlierely only studies in which they were
assessed for antinociceptive efficacy. The autbbtise included studies have postulated
that inverse agonists may yield an antinociceptifect due to the subsequent reduction of

pro-inflammatory and pro-nociceptive mediators.

External Validity

Misalignment between animal models and the clinical population

The models used in preclinical pain research gdgene not often well matched to the
clinical population [14; 46]. Sex only accounted & significant proportion of heterogeneity
in rats. The studies have been conducted predoiynzsing male animals. It is likely that
the paucity of female animals limits our abilitydetermine the influence of sex in the
reported outcomes and hence may reduce the gesadmsity of the findings. Fisher et al.
[22] systematic review of RCTs reported that fenpagents (n=3691) outnumbered male
patients (n=3613) in the 34 RCTs that reported sbxgs were assessed in patients with
neuropathic pain (n=13), cancer (n=6), acute pter aurgery (n=4) and multiple sclerosis
(n=10) and chronic prostatitis, carpal tunnel spnaie and back pain in one trial each.
Furthermore, most rodent studies relied upon stistelvoked behavioural outcome
measures, which is a measure of hypersensitivitgohditions where evoked pain is a
clinically relevant aspect (e.g. postsurgical andgsouloskeletal conditions), hypersensitivity
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measures may be relevant [42] and within these madlde treatment effects are significant
indicating potential benefits for these conditiodswever, in neuropathic pain conditions,
spontaneous pain is more often assessed [16]namdmy common neuropathic pain
conditions, such as diabetic neuropathy, sens@g/ibmore common than evoked
hypersensitivity [5; 36]. So, although treatmeffié@s are also significant in the neuropathic

pain associated models translation to the clinightbe limited.

Misalignment between the cannabinoids, cannabis-based medicines and endocannabinoid

system modul ators assessed in preclinical trialsand clinical trials

A substantially more diverse range of potentiatapeutics have been assessed for
antinociceptive efficacy in animal models (177)tlaported in the recent review of
randomised controlled trials in which 11 intervens were assessed in patients [22]. In the
latter review, evidence of benefit was found fonmabis <7 days and nabiximols >7 days.
However, the studies had an unclear or high rigkias with the evidence scored as low or
very-low quality and the authors conclude that ‘tvelence neither supports nor refutes
claims of efficacy”. The following interventionsane assessed in clinical trials in the clinical
meta-analysis, but do not feature in the preclimoata-analysis; nabiximols (n=17),
dronabinol (n=2), cannabinoid receptor agonist (201940, GW842166), and THC
congener (n=1; benzopyran peridine) [22]. It isgible that these drugs have not been tested
for efficacy in animal models and/or the studiesvirich their effects are described are not

reported with sufficient detail to be included Ietmeta-analysis.

The observed misalignment between preclinical dinital trials suggests that the animal
studies are not being optimally used to inform i@dgct direction for clinical trials or
efficacy in the clinic. The justifications for nical trials were likely borne from patients and

their use of cannabis to alleviate pain. Animatgts are being conducted concurrently to
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clinical studies providing opportunity for bothtidation and back translation. Animal to
human translation will always be unpredictable eesdly considering the challenges of pain
research. However, animal studies in the fieldasfrabinoid research may have greater
utility than is currently being recognised. They dee especially useful for providing
mechanistic insights into the pharmacology of camads, cannabis based-medicines, and

endocannabinoid system modulators, to facilitateeltgpment of human therapies.

Internal Validity

All included studies had an unclear risk of biase propensity to report methodological
guality measures to reduce the risk of bias was &l this finding is commensurate with
other pain preclinical systematic reviews (e.g.rieuet al. [11]). It likely reflects the fact
that the reporting of many of these quality meastigs not been required by journals nor
convention in the preclinical field until recentlifhe included studies rarely reported the
performance of power calculations to determine darsige (3 %) or animal exclusions (14
%), however, randomisation and blinding were moegudently reported (32 % and 47 %
respectively). Our analyses did not show a condisedationship between the reporting of
methodological quality and smaller effect sizesr{a& Federico et al. [19]), however, larger
effect sizes were reported in studies that didreport allocation concealment and sample
size calculations; both accounting for a signifigarmoportion of heterogeneity. The methods
used to mitigate bias were rarely reported andag thherefore not possible to accurately

assess the risk of bias, leading to uncertaintizenvalidity of the outcomes.

Sample size should be determined using a poweysisand experiments are required to use
sufficient animals to be adequately powered..elatron, many experiments compared
multiple treatment groups with one control grodphis reduced the sensitivity because the
control group was divided across the multiple tresit groups (the mean number of animals
in the control group was reduced from n=8 to n=8Bate and Karp [6] provide a strategy for
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reducing the risk of false positives by increagimgnumber of animals in the control group,
although this is also contingent on the other figctbat comprise a sample size calculation
(e.g. effect, variability, significance level, apsib and experimental constraints). Using more
animals is commensurate with the reduction, refeimand replacement (3R) principles
because it ensures that the animal sacrifice ighwed against the highest possible gain of

knowledge, although existing animal care and usengittees may view. this as a conflict.

Publication Bias
Unlike a recent preclinical systematic review cégmabalin in which a 27 % overestimate of
effect was theorised [19], our analysis does nggsest presence of publication bias, the

phenomenon wherein neutral or negative studiesa@trpublished.

Future Research

The number of studies that concurrently conductetiraported pharmacokinetic
investigation (24 studies) including drug conceindres in tissues post administration (25
studies) was low at 7 % of studies. There is @l neeonduct pharmacokinetic studies
alongside pharmacodynamic studies to determinestagonship between plasma/tissue
concentrations of treatments and reflexive or cexplociceptive behavioural measures.
Few studies assessed the effects of the drugsdatice with 124 studies (33 %) assessing
impact of drugs on motor activity, which is a pautar concern for direct acting GBeceptor
agonists (but would not be expected to be a confédonCB, agonists, FAAH inhibitors,
anandamide transport inhibitors or Calosteric modulators). Similarly, few studiesess
the anxiolytic or depressive-like effects (11 sas]i3 %) of the drugs which may also
compound pain-associated behavioural outcomesoadear range of assessment is required
to determine the full behavioural effect of thesags [39]. It was outside the scope of this

systematic review and meta-analysis to assesot®lybe side effects of these treatments,
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but to assist future reviews, studies assessingr@@okinetics, locomotor activity, anxiety

and depression were annotated.

Rigorous preclinical design is required for inténwvaidity [29]. To limit threats to validity,

we endorse conducting and reporting animal experisnas suggested by Andrews et al. [3],
Vollert et al. [58], [32] and in accordance witletARRIVE guidelines [41]. To improve
external validity, researchers should balance ¢éxesas stipulated by funding bodies
including the USA’s National Institute of Health; [83]. Historically, emphasis has been
placed upon reflex withdrawal responses rather theasuring more complex, ethologically
relevant behaviours, although the clinical relewaotthese measures to analgesia remains
uncertain. The development of sensory profilingrimtents and complex behavioural animal
models specific to each pain condition is requiteonprove face and predictive validity and
better reflect the clinical situation (Rice et @017). Multicentre testing may offer a method
to improve the generalisability of preclinical finds by increasing environmental
heterogeneity and study samples [57; 59]. To addifee potential issue of publication bias,
we recommend researchers make available prespkeprmtocols and publish all results (i.e.
positive, null and negative data). To assist endptimisation of experimental design we
encourage primary researchers to conduct prosgesystematic reviews and use the UK'’s
National Centre for the Replacement, RefinementRedlction of Animals of Research

Experimental Design Assistant (EDA; https://edaraa®#g.uk/) to inform their research

design and protocol development [13].

Limitations

Our systematic review has several limitations sthir we can only rely upon what has been
reported in publications. There were 99 studies et the inclusion criteria but could not

be included in the meta-analysis due to not repgiey information e.g. variance, sample
size or not having suitable controls. For theudeld studies, it is possible that methods were
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used to reduce the risk of bias, but not repoxtedyersely, these methodological quality
criteria may have been reported but not performitkere are also other experimental design
factors that will influence behavioural outcomes & not included in our analyses e.g.

housing, diet, handling, habituation [38] and thdative effect of the drugs.

We collected all pain-associated behavioural outof all interventions of any dose or
route of administration that were being assessedrft-nociception. We did not collect
information on the aim of the studies. The behardabstudies may have been conducted, not

to determine efficacy, but for a different ratiomal

Pain-associated behavioural outcomes and outcome data extraction

In our meta-analysis, we grouped together modethégame underlying biology.

Similarly, we grouped together behavioural outcaneasures. Most of the outcomes
measured were limb withdrawal in response to mdachhar thermal stimuli and despite not
having the same underlying biology, these were geduogether if a cohort was assessed in
both. There is large variation in how these staidiee reported and it is challenging to
identify differences in study design when thesermteoften reported in detail. In addition,
we chose to extract pain-associated behaviourabm# data at the time point where the
difference was largest between vehicle and treatgr@nps. This allowed us to calculate
treatment effects independent of the interventitwalé-life, particularly pertinent as many
studies did not report time course data. Althonghfeasible within this review, given the
number of interventions, doses etc., a future agpgronay be to calculate area under the
curve and percentage maximum possible effect foln eaperiment at all reported doses

allowing more information to be gleaned.
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Crowd Science and Machine Learning

This review demonstrates that crowd science andhimadearning are viable strategies to
improve the feasibility of conducting a large ravieOur experience supports a recent
Cochrane study which demonstrates the feasibifigtualy identification for inclusion in a
systematic review using crowd science and macleaeing [40]. Crowd science offers a
reduction in individual input by sharing the labontensive stages of the review (screening
for study selection and annotation and data extnagthases). Errors by crowd members
were detected during the reconciliation process~&@®6 of studies required re-review by
expert reviewers. The limitations of individuabard members therefore have not
undermined the findings of this review. Employeigrowd has several hard to quantify
benefits including increasing diversity, reducingsh community engagement, training, and
education. Importantly, this review has also destrated the usefulness of machine learning
for study selection, albeit for error analysis.eTrhachine algorithm performed with an
eventual sensitivity of 95 % and specificity of @ This high sensitivity made it unlikely to

miss relevant literature.

The search for this review was conducted nearlgd&gago; given the size of this review it
is unlikely that the incorporation of more recetidses will change the overall conclusions.
The continued development of online platforms amdm@ation technologies are required to
improve the feasibility of preclinical systematevrews. This will create the possibility to
incorporate the most recent data as it becomesabalain the form of a living systematic
review [18] thereby addressing the challenge ferfthure appraisal of the rapid and

exponentially increasing volume of published prachl literature.

Conclusion
This systematic review and meta-analysis providesnaprehensive summary of studies in
which cannabinoids, cannabis-based medicines ashmtcannabinoid system modulators
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were assessed for antinociceptive efficacy in ahmaaels of injury-related or pathological
persistent pain. The behavioural data effect azesignificant, and the evidence supports
the hypothesis of cannabinoid-induced analgesiastMrugs tested in animal models were
small molecules, which is converse to the clingialation where cannabis extracts have been
evaluated most in clinical trials. The differenbesween the animal and clinical population
highlights the importance for the development dtdyevalidated animal models. Behavioural
assessments that have greater clinical relevangalsaimprove the likelihood of the
development of effective therapeutic interventioftsere is also a need to continually
improve clinical trial design in a manner thatnformed by high quality, mechanism-based
preclinical research. Despite the ‘unknown’ prade&talue of many animal studies, there is
value in conducting a prospective systematic rex@aid clinical trial decision making. The
findings of this review support the need for pneicial living systematic reviews and closer,
multi-disciplinary, cross sector collaboration tesare that animal studies are rigorous to

identify potential candidates and more accurateigrm clinical trial design.

Glossary
A glossary (Table 8) provides brief explanationsth® terms used throughout this

systematic review.

[Table 8]

Acknowledgements

The authors would like to thank the following stifim the International Association for the
Study of Pain for their unwavering support througtha particular for their organisation and
assistance in the recruitment of crowd scientStdleen Eubanks, Matthew D’Uva, Yulanda
Grant, Diana Bender-Bier, Luke Waldron, Neil Andsew/Ve would also like to thank Dr

Andrew Moore for his comments on the manuscrigstly, a thanks must go the crowd

34



members that did not qualify for authorship but stntributed to the investigation (the
screening and data extraction phases): Danilyn AmdRita Bertani, Ines Boujelben, Blake
A. Castetter, Conor Clonan, Dr Yogesh Dhakal, Adsddry, Dr Marieke H.J. van den
Beuken-van Everdingen, Dr McKenzie C. Fergusonxateler T. Gordan, Sonal Gupta, Dr
Helen C. Laycock, Dr Visnja Muzika, Dr Pooya RostaRaluca Scarlat, Dr Aidan C. Tan,

Dr Ere Vicencio.

Author Contributions

[Table 9]

Open Science Practise Statement
The systematic review protocol was formally preseged on PROSPERO
(CRD42019124804;

https://www.crd.york.ac.uk/prospero/display_recphh?ID=CRD42019124804) and

published in PAIN Reports (Soliman et al., 201%he data have been made available on the

Open Science Framework DOI 10.17605/0SF.10/2QDE5

Funding
This work is part of the effort of the InternatidAessociation for the Study of Pain
Presidential Taskforce on Cannabis and Cannabioalgesia. The work is also supported

by the BBSRC (grant number BB/M011178/1).

Disclosures

Nadia Soliman — Ms. Soliman has nothing to disclose

Simon Haroutounian - Dr. Haroutounian reports grdrdm Disarm Therapeutics, personal
fees from Medoc Ltd, personal fees from Rafa Ladiortes, personal fees from Vertex

Pharmaceuticals, outside the submitted work.

35



Andrea G. HohmannDr. Hohmann has a patent Methods of using camoabCB2
cannabinoid receptor agonist compositions to sigspaed prevent opioid tolerance and
withdrawal US Application Serial No: 16/256,787 RUC Ref. 2018-072-02) Inventors:
Andrea Grace Hohmann, Ken Paul Mackie, Xiaoyan Amgy Dhopeshwarkar Assignees:
Indiana University Research and Technology Corpamgiending, and a patent A novel

mechanism for decreasing opioid reward US 62/6Z6p#hding.

Elliot Krane— Dr. Krane has nothing to disclose.

Jing Liao — Dr. Liao has nothing to disclose.

Malcolm Macleod - Dr. Macleod has nothing to diseo

Daniel SegelckeDr. Segelcke has nothing to disclose.

Christopher SenaMr. Sena has nothing to disclose.

James ThomasDr. Thomas has nothing to disclose.

Jan Vollert - Dr. Vollert reports personal feesnfritYertex Pharmaceuticals, outside the

submitted work.

Kimberley Wever — Dr. Wever has nothing to disclose

Harutyun Alaverdyan Dr. Alaverdyan has nothing to disclose.

Ahmed Barakat — Mr. Barakat has nothing to disclose

Tyler Barthlow— Mr. Barthlow has nothing to disclose.

Amber L. Harris Bozer Dr. Harris Bozer has nothing to disclose.

Alexander Davidson - Dr. Davidson has nothing sxltise.

Marta Diaz-delCastillo - Dr. Diaz del Castillo hasthing to disclose.

36



Antonina Dolgorukova Dr. Dolgorukova has nothing to disclose.

Mehnaz I. FerdousiDr. Ferdousi has nothing to disclose.

Catherine Healy Ms. Healy has nothing to disclose.

Simon Hong Mr. Hong has nothing to disclose.

Mary Hopkins- Ms. Hopkins has nothing to disclose.

Arul James Dr. James has nothing to disclose.

Hayley B. Leake Ms. Leake has nothing to disclose.

Nathalie M. Malewicz Dr. Malewicz reports grants from DFG Deutsche
Forschungsgemeinschaft, non-financial support fld@8S Deutsche Schmerzgesellschaft

e.V., outside the submitted work.

Michael Mansfield- Mr. Mansfield has nothing to disclose.

Amelia K. Mardon - Ms. Mardon has nothing to disgo

Darragh Mattimoe - Mr. Mattimoe has nothing to thse.

Daniel P. McLoone- Mr. McLoone has nothing to disclose.

Gith Noes-Holt- Ms. Noes-Holt has nothing to disclose.

Esther M. Pogatzki-ZahnDr. Pogatzki-Zahn reports personal fees from Mpinarma,
personal fees from Grunenthal, grants from Mundipiagaand grants from Grinenthal (to the
institution) outside the submitted work; and EPZeiees scientific support (to the
institution) from the DFG, the BMBF, and the Inntiva Medicines Initiative 2 Joint
Undertaking under grant agreement No 777500. Tdirg Undertaking receives support

from the European Union’s Horizon 2020 researchiandvation programme and EFPIA.

37



Emer Power Dr. Power has nothing to disclose.

Bruno Pradier Dr. Pradier has nothing to disclose.

Eleny Romanos-Sirakis - Dr. Romanos-Sirakis hakingtto disclose.
Astra Segelcke Ms. Segelcke has nothing to disclose.

Rafael Vinagre - Dr. Vinagre has nothing to diselos

Julio A. Yanes- Mr. Yanes was supported by the National Instiartddrug Abuse under

award number: F31DA044013.
Jingwen Zhang — Ms. Zhang has nothing to disclose.
Xue Ying Zhang — Ms. Zhang has nothing to disclose.

David P. Finn - Dr. Finn reports an Industry-Academnesearch grant from Alkermes Inc.
and Science Foundation Ireland outside of the stibdnwwork. He also reports research
grants in the area of cannabinoids or the endotanoid system from Shionogi Ltd
(Shionogi Science Programme), from B. Braun Ltdtgiwith Science Foundation Ireland,

and from the Irish Research Council, CNPq Brazil Bt INTERREG Programmes.

Andrew S.C. Rice - Dr. Rice reports other from IA8Bring the conduct of the study;
personal fees from Imperial College Consultantseofrom Spinifex, outside the submitted
work; In-addition, Dr. Rice has a patent WO 2009/071 pending, and a patent WO 2013

/110945 pending.

38



References

[1] Alexander SPH, Kelly E, Mathie A, Peters JA,@keEL, Armstrong JF, Faccenda E,
Harding SD, Pawson AJ, Sharman JL, Southan C, Baned®, Cidlowski JA,
Christopoulos A, Davenport AP, Fabbro D, SpeddingStliessnig J, Davies JA,
Collaborators C. THE CONCISE GUIDE TO PHARMACOLO@019/20:
Introduction and Other Protein Targets. Britishrdaiiof Pharmacology
2019;176(S1):S1-S20.

[2] Andrews NA, Latremoliere A, Basbaum Al, Mogi JPorreca F, Rice ASC, Woolf CJ,
Currie GL, Dworkin RH, Eisenach JC, Evans S, GewendS, Gover TD,
Handwerker H, Huang W, lyengar S, Jensen MP, KendBd Lee N, Levine J,
Lidster K, Machin I, McDermott MP, McMahon SB, ReidJ, Ross SE, Scherrer G,
Seal RP, Sena ES, Silva E, Stone L, Svensson @,0Q, Whiteside G. Ensuring
transparency and minimization of methodologic lmggreclinical pain research:
PPRECISE considerations. Pain 2016;157(4):901-909.

[3] Andrews NA, Latrémoliere A, Basbaum Al, Mog JPorreca F, Rice ASC, Woolf CJ,
Currie GL, Dworkin RH, Eisenach JC, Evans S, GewandS, Gover TD,
Handwerker H, Huang W, lyengar S, Jensen MP, KendBd Lee N, Levine J,
Lidster K, Machin I, McDermott MP, McMahon SB, ReidJ, Ross SE, Scherrer G,
Seal RP, Sena ES, Silva E, Stone L, Svensson @t,0Q, Whiteside G. Ensuring
transparency and minimization of methodologic lmggreclinical pain research:
PPRECISE considerations. PAIN 2016;157(4):901-909.

[4] Bannach-Brown A, Przybyta P, Thomas J, Rice AB@aniadou S, Liao J, Macleod MR.

Machine learning algorithms for systematic revieeducing workload in a

39



preclinical review of animal studies and reducinignian screening error. Systematic
Reviews 2019;8(1):23.

[5] Baron R, Binder A, Wasner G. Neuropathic paiagnosis, pathophysiological
mechanisms, and treatment. Lancet Neurol 2010818)819.

[6] Bate S, Karp NA. A Common Control Group - Opismg the Experiment Design to
Maximise Sensitivity. PLOS ONE 2014;9(12):e114872.

[7] Berman P, Futoran K, Lewitus GM, Mukha D, Bendh Shlomi T, Meiri D. A new
ESI-LC/MS approach for comprehensive metabolicipnof of phytocannabinoids in
Cannabis. Scientific Reports 2018;8(1):14280.

[8] Clark JD. Preclinical Pain Research: Can WeHatter? Anesthesiology
2016;125(5):846-849.

[9] Clayton JA, Collins FS. Policy: NIH to balansex in cell and animal studies. Nature
2014;509(7500):282-283;

[10] Crequit P, Trinquart L, Yavchitz A, RavaudWasted research when systematic
reviews fail to provide a complete and up-to-dateence synthesis: the example of
lung cancer. Bme Medicine 2016;14.

[11] Currie GL, Angel-Scott HN, Colvin L, Cramond Rair K, Khandoker L, Liao J,
Macleod M, McCann SK, Morland R, Sherratt N, StaviggrTanriver-Ayder E,
Thomas J, Wang QY, Wodarski R, Xiong R, Rice ASEn&ES. Animal models of
chemotherapy-induced peripheral neuropathy: A nmechssisted systematic review
and meta-analysis. Plos Biology 2019;17(5).

[12] de Vries RBM, Hooijmans CR, Tillema A, Leenad, Ritskes-Hoitinga M. Updated
version of the Embase search filter for animal igtsid_aboratory Animals

2014;48(1):88-88.

40



[13] du Sert NP, Bamsey |, Bate ST, Berdoy M, CIR¥, Cuthill IC, Fry D, Karp NA,
Macleod M, Moon L, Stanford SC, Lings B. The Expegntal Design Assistant.
Nature Methods 2017;14(11):1024-1025.

[14] du Sert NP, Rice ASC. Improving the translataf analgesic drugs to the clinic: animal
models of neuropathic pain. British Journal of Piecology 2014;171(12):2951-
2963.

[15] Duval S, Tweedie R. Trim and fill: A simplerfoel-plot-based method of testing and
adjusting for publication bias in meta-analysisometrics 2000;56(2):455-463.

[16] Dworkin RH, Turk DC, Farrar JT, HaythornthwailA, Jensen MP, Katz NP, Kerns RD,
Stucki G, Allen RR, Bellamy N, Carr DB, ChandleiChwan P, Dionne R, Galer BS,
Hertz S, Jadad AR, Kramer LD, Manning DC, MartilV&Cormick CG, McDermott
MP, McGrath P, Quessy S, Rappaport BA, Robbins @hifson JP, Rothman M,
Royal MA, Simon L, Stauffer JW, Stein W, TollettWernicke J, Witter J. Core
outcome measures for chronic pain clinical tritldMPACT recommendations.
PAIN 2005;113(1):9-19.

[17] Egger M, Smith GD, Schneider M, Minder C. Biasneta-analysis detected by a
simple, graphical test. British Medical Journal Z815(7109):629-634.

[18] Elliott JH, Synnot A, Turner T, Simmonds M, AKA, McDonald S, Salanti G,
Meerpohl J, MacLehose H, Hilton J, Tovey D, Shemilthomas J, Living
Systematic Review N. Living systematic review: ritréduction-the why, what,
when, and how. Journal of Clinical Epidemiology 2(®11:23-30.

[19] Federico CA, Mogil JS, Ramsay T, Fergusson Ri#ymelman J. A systematic review

and meta-analysis of pregabalin preclinical studf#dN 2020;161(4):684-693.

41



[20] Finn DP, Haroutounian S, Hohmann A, Krane &jrSan N, Rice ASC. Cannabinoids,
the endocannabinoid system and pain: a reviewedflipical studies. PAIN Under
review, 2021.

[21] Finnerup NB, Attal N, Haroutounian S, McNidé) Baron R, Dworkin RH, Gilron I,
Haanp&a M, Hansson P, Jensen TS, Kamerman PR K,uvidore A, Raja SN, Rice
AS, Rowbotham M, Sena E, Siddall P, Smith BH, WM. Pharmacotherapy for
neuropathic pain in adults: a systematic review meth-analysis. Lancet Neurol
2015;14(2):162-173.

[22] Fisher E, Moore RA, Fogarty AE, Finn DP, Finmg NB, Gilron |, Haroutounian S,
Krane E, Rice ASC, Rowbotham M, Wallace M, Ecclagib Cannabinoids,
cannabis, and cannabis-based medicine for paingeamant: a systematic review of
randomised controlled trials. PAIN 2020;ArticlesRress.

[23] Guindon J, Hohmann AG. The endocannabinoitesysand pain. CNS & neurological
disorders drug targets 2009;8(6):403-421.

[24] Harrer M, Cuijpers P, Furukawa TA, Ebert DDoibg meta-analysis in R: A hands-on
guide. PROTECT Lab Erlangen 2019.

[25] Hartung J. An Alternative Method for Meta-Agsis. Biometrical Journal
1999;41(8):901-916.

[26] Hartung J, Knapp G. On tests of the overahtment effect in meta-analysis with
normally distributed responses. Statistics in Mie@i@?001;20(12):1771-1782.

[27] Hooijmans CR, Rovers MM, de Vries RBM, Leersaht, Ritskes-Hoitinga M,
Langendam MW. SYRCLE's risk of bias tool for aninsélidies. BMC Medical

Research Methodology 2014;14(1):43.

42



[28] Hooijmans CR, Tillema A, Leenaars M, Ritskesiihga M. Enhancing search
efficiency by means of a search filter for findialy studies on animal
experimentation in PubMed. Laboratory Animals 2@2(3):170-175.

[29] Huang W, Percie du Sert N, Vollert J, Rice A&&neral Principles of Preclinical Study
Design. In: A Bespalov, MC Michel, T Steckler, edg. Good Research Practice in
Non-Clinical Pharmacology and Biomedicine. Chanrii@per International
Publishing, 2020. pp. 55-69.

[30] Huggins JP, Smart TS, Langman S, Taylor L, ¥gd'. An efficient randomised,
placebo-controlled clinical trial with the irrevéske fatty acid amide hydrolase-1
inhibitor PF-04457845, which modulates endocanr@tsbut fails to induce
effective analgesia in patients with pain due tieaarthritis of the knee. Pain
2012;153(9):1837-1846.

[31] loannidis JPA. Why most published researchifigs are false. Plos Medicine
2005;2(8):696-701.

[32] Knopp KL, Stenfors C, Baastrup C, Bannon AV&\M© M, Caspani O, Currie G,
Finnerup NB, Huang W, Kennedy JD, Lefevre |, Machikacleod M, Rees H, Rice
ASC, Rutten K, Segerdahl M, Serra J, Wodarski RgB®G, Treede RD.
Experimental design and reporting standards forawipg the internal validity of
pre-clinical studies in the field of pain: Consessfithe IMI-Europain consortium.
Scand J Pain 2015;7(1):58-70.

[33] Landis SC, Amara SG, Asadullah K, Austin CRyrBenstein R, Bradley EW, Crystal
RG, Darnell RB, Ferrante RJ, Fillit H, Finkelstétn Fisher M, Gendelman HE,
Golub RM, Goudreau JL, Gross RA, Gubitz AK, Hester§E, Howells DW,
Huguenard J, Kelner K, Koroshetz W, Krainc D, L&, Levine MS, Macleod MR,

McCall JM, Moxley lii RT, Narasimhan K, Noble LJeRin S, Porter JD, Steward O,

43



Unger E, Utz U, Silberberg SD. A call for transpdreeporting to optimize the
predictive value of preclinical research. Natur&é2@90(7419):187-191.

[34] Macleod Malcolm R, O’Collins T, Howells Davi¥, Donnan Geoffrey A. Pooling of
Animal Experimental Data Reveals Influence of Stldygign and Publication Bias.
Stroke 2004;35(5):1203-1208.

[35] Magnusson K. Interpreting Cohen's d effecési&n interactive visualization (\Version
2.4.2). 2020.

[36] Maier C, Baron R, Télle TR, Binder A, Birbaum, Birklein F, Gierthmuhlen J, Flor
H, Geber C, Huge V, Krumova EK, Landwehrmeyer GEgerl W, Maihofner C,
Richter H, Rolke R, Scherens A, Schwarz A, SommeéFrénnier V, Ugeyler N,

Valet M, Wasner G, Treede DR. Quantitative sensesiing in the German Research
Network on Neuropathic Pain (DFNS): Somatosensbnoemalities in 1236 patients
with different neuropathic pain syndromes. PAIN @Q50(3).

[37] Mogil JS. Animal models of pain: progress amallenges. Nature reviews Neuroscience
2009;10(4):283-294.

[38] Mogil JS. Laboratory environmental factors gradn behavior: the relevance of
unknown unknowns to reproducibility and translatibab Animal 2017;46(4):136-
141.

[39] Negus SS. Core Outcome Measures in Preclidisaéssment of Candidate Analgesics.
Pharmacological Reviews 2019;71(2):225.

[40] Noel-Storr A, Dooley G, Affengruber L, Gartleér G. Citation screening using
crowdsourcing and machine learning produced aceuestults: Evaluation of
Cochrane's modified Screen4Me service. Journaliofd@l Epidemiology

2021;130:23-31.

44



[41] Percie du Sert N, Hurst V, Ahluwalia A, Alam Avey MT, Baker M, Browne WJ,
Clark A, Cuthill IC, Dirnagl U, Emerson M, Garney Rolgate ST, Howells DW,
Karp NA, Lidster K, MacCallum CJ, Macleod M, Pee<O, Rawle F, Reynolds P,
Rooney K, Sena ES, Silberberg SD, Steckler T, WiHb&he ARRIVE guidelines
2019: updated guidelines for reporting animal redeaioRxiv 2019:703181.

[42] Pogatzki-Zahn E, Segelcke D, Zahn P. Mechasisfracute and chronic pain after
surgery: update from findings in experimental animadels. Current Opinion in
Anesthesiology 2018;31(5):575-585.

[43] Pogatzki-Zahn EM, Segelcke D, Schug SA. Pastajpve pain-from mechanisms to
treatment. Pain Rep 2017;2(2):e588.

[44] Raja SN, Carr DB, Cohen M, Finnerup NB, Flar@®lbson S, Keefe FJ, Mogil JS,
Ringkamp M, Sluka KA, Song X-J, Stevens B, SullisD, Tutelman PR, Ushida T,
Vader K. The revised International Associationtfo Study of Pain definition of
pain: concepts, challenges, and compromises. PARD;261(9):1976-1982.

[45] Rice ASC, Cimino-Brown D, Eisenach JC, KonhnéK, Lacroix-Fralish ML, Machin
[, Mogil JS; Stohr T. Animal models and the preictof efficacy in clinical trials of
analgesic drugs: A critical appraisal and calldoiform reporting standards. PAIN
2008;139(2):243-247.

[46] Rice ASC, Finnerup NB, Kemp HI, Currie GL, BarR. Sensory profiling in animal
models of neuropathic pain: a call for back-tratisfa PAIN 2018;159(5):819-824.

[47] Rice ASC, Smith BH, Blyth FM. Pain and the lggd burden of disease. PAIN
2016;157(4):791-796.

[48] Sena ES, van der Worp HB, Bath PMW, Howells DM&cleod MR. Publication Bias in
Reports of Animal Stroke Studies Leads to Major IGtagement of Efficacy. Plos

Biology 2010;8(3).

45



[49] Shojania KG, Sampson M, Ansari MT, Ji J, Date&, Moher D. How quickly do
systematic reviews go out of date? A survival asialyAnnals of Internal Medicine
2007;147(4):224-233.

[50] Sideli L, Trotta G, Spinazzola E, La CascialDC Forti M. Adverse effects of heavy
cannabis use: even plants can harm the brain. RARY;Articles in Press.

[51] Soliman N, Hohmann AG, Haroutounian S, WeveRkce ASC, Finn DP. A protocol
for the systematic review and meta-analysis ofistuth which cannabinoids were
tested for antinociceptive effects in animal moaélpathological or injury-related
persistent pain. Pain reports 2019;4(4):e766-e766.

[52] Starowicz K, Finn DP. Cannabinoids and Paitessand Mechanisms of Action.
Advances in Pharmacology, Vol. 80, 2017. pp. 433-47

[53] Tannenbaum C, Greaves L, Graham ID. Why sexgamder matter in implementation
research. BMC Medical Research Methodology 2016)1645.

[54] Veroniki AA, Jackson D, Viechtbauer W, BenderBowden J, Knapp G, Kuss O,
Higgins JP, Langan D, Salanti G. Methods to esentla¢ between-study variance and
its uncertainty in meta-analysis. Res Synth Mettzlls5;7(1):55-79.

[55] Vesterinen HM, Sena ES, Egan KJ, Hirst TC, ©hav L, Currie GL, Antonic A,
Howells DW, Macleod MR. Meta-analysis of data frammal studies: A practical
guide. Journal of Neuroscience Methods 2014;221(®2-

[56] Viechtbauer W. Conducting Meta-Analyses in Rwithe metafor Package. 2010
2010;36(3):48.

[57] Voelkl B, Vogt L, Sena ES, Wirbel H. Reprocaitity of preclinical animal research
improves with heterogeneity of study samples. PIBiffogy 2018;16(2):e2003693.

[58] Vollert J, Schenker E, Macleod M, Bespalow#yerbel H, Michel M, Dirnagl U,

Potschka H, Waldron A-M, Wever K, Steckler T, vanGasteele T, Altevogt B, Sil

46



A, Rice ASC. Systematic review of guidelines faeimal validity in the design,
conduct and analysis of preclinical biomedical expents involving laboratory
animals. BMJ Open Science 2020;4(1):e100046.

[59] Wodarski R, Delaney A, Ultenius C, Morland &)drews N, Baastrup C, Bryden LA,
Caspani O, Christoph T, Gardiner NJ, Huang W, Kdgrild®, Koyama S, Li D,
Ligocki M, Lindsten A, Machin I, Pekcec A, RobensRotariu SM, Vol3 S,
Segerdahl M, Stenfors C, Svensson CI, Treede Rt®dKJYamamoto K, Rutten K,
Rice ASC. Cross-centre replication of suppresserbiaing behaviour as an
ethologically relevant pain outcome measure inrétea prospective multicentre
study. PAIN 2016;157(10):2350-2365.

[60] Woodhams SG, Chapman V, Finn DP, Hohmann A&@jdébauer V. The cannabinoid

system and pain. Neuropharmacology 2017;124:105-120

[61] Zwetsloot PP, Van Der Naald M, Sena ES, HosvBW, IntHout J, De Groot JAH,
Chamuleau SAJ, MacLeod MR, Wever KE. Standardizednmlifferences cause

funnel plot distortion in publication bias assesstaeelife 2017;6:€24260

47



Figurel. A flow diagram of articles identified from thebiographic search of 3 electronic
databases, PubMed, Web of Science and Ovid Embaséucted on 9 April 2019. The
diagram provides the breakdown of records throwggduplication, screening, eligibility until
final inclusion in both qualitative and quantitaianalysis. Reported in accordance with the

PRISMA guidelines. W of S, Web of Science

Figure2. A caterpillar plot of the 1,544 nested comparssertracted from the 374 studies
included in the meta-analysis. Hedge’s g standaddmean differences (SMD) were
calculated for each comparison. Effect sizes wexded using the random effects model and
heterogeneity estimated with the restricted maxintikeiihood model. Overall effect

size=1.321. Q=4101.26, d.f. 1543, p <0.000"1= 61.58 %.

Figure 3. Forest plot of drug classes assessed in ratr{@d)@use (B) models of injury
related or pathological persistent pain. The eizde square represents the weight (%).
The weight is the influence that individual subgydwas on the pooled result. N denotes the
number of animals that contribute to that subgréugenotes the number of comparisons

that comprise each subgroup.

Figure4. Visualisation of the overlap between control &nedtment group distributions of
the overall SMD effect size of 1.32 [35]. The darkKistribution curve represents the control
group and the lighter distribution curve, the tneant group. Animals within each group can
fall anywhere within their respective curves, withreasing likeliness towards the peak;
imagine each curve a hill of animals with singlénaads at the tail-ends of the distribution

curve.

Figure5. Forest plots of study design characteristicsxpeements in which treatments
were assessed for antinociceptive efficacy in radi@hs of persistent or injury-related

persistent pain. Model type (A), strain (B), aed $¢C) and outcome assessment type (D)
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account for a significant proportion of heterogéneilhe size of the square represents the
weight (%). The weight is the influence that indival subgroup has on the pooled result. N

denotes the number of animals that contributedabghbgroup.

Figure 6. Forest plots of study design characteristicsxpeements in which treatments

were assessed for antinociceptive efficacy in moosdels of persistent or injury-related
persistent pain. Model type (A), strain (B), s&},(outcome assessment type (D) all account
for a significant proportion of heterogeneity. Tdiee of the square represents the weight
(%). The weight is the influence that individuabgroup has on the pooled result. N

denotes the number of animals that contributeabgshbgroup

Figure7. The reporting of methodological quality crite(/® and a summary bar plot

showing the proportion of studies with a given riskias for each methodological quality
criteria (B) for the 374 included studies. Repuartof conflicts of interest statements and
compliance with animal welfare regulations wer@ aisllected but are not included in the

overall risk of bias.

Figure 8. Effect sizes (and variance) associated with épenting of methodological quality

criteria.

Figure 9. Assessment of publication bias. Visual inspection of the funnel plot does not

suggest asymmetry. The dashed red line denotes/érall summary effect size.
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Table 1. Terminology and Definitions (Adapted from Solimaraé (2019) after modification from Hauser et
al. (2018)).

Term Definition Examples/typical products
(Herbal) Cannabis The whole plant or parts or Cannabis sativa,
material from the plant hashish

(e.g. flowers, buds, resin, leaves

Medical or medicinal cannabis The term ‘medical/iorl Bedrocan®, Bedrobinol®, Tilray
cannabis’ (or ‘medical/medicinal | 10THC/10CBD®

marijuana’) is used for cannabis
plants, plant material, or full plan
extracts used for medical

purposes.

Cannabis-based (or cannabis- | Medicinal cannabis extracts with|{ Nabiximols (Sative®),

derived) medicines regulatory approval for marketing dronabinol, marinol, Epidioles
as a therapeutic with defined and
standardized THC and/or CBD

content.

Cannabinoids Cannabinoids are biologically THC, CBD,
active constituents of cannabis, orCP55,940,
synthetic compounds, usually WIN55,2122,
having affinity for and activity at | HU210, nabilone

cannabinoid receptors.

Phytocannabinoid A cannabinoid found in THC, CBD
cannabis plants or
purified/extracted from

plant material

Endocannabinoid An endogenous ligand found in Anandamide,
the body of humans and other | 2-AG

animals and which has affinity for,
and activity at,

cannabinoid receptors

Cannabinoid Receptor Directly block cannabinoid amrabant (SR141716A),




Antagonists and Negative

allosteric modulators

receptors or reduce signalling
indirectly via impeding action of
endogenous ligand through

actions at a distinct site

AM251, SR144528, AM630

Modulators that increase or
enhance endocannabinoid syste

activity

In addition to individual
mphytocannabinoids, cannabis-
derived or cannabis-based
medicines, and cannabis extract
other pharmacological approaché
under development for
manipulation of the
endocannabinoid system include
selective synthetic cannabinoid
receptor agonists, inhibitors of th
catabolism (e.g. fatty acid amide
hydrolase [FAAH] inhibitors),
transport (e.g. fatty acid binding
protein [FABP] inhibitors) or
reuptake of endocannabinoids, o
positive allosteric modulators of

cannabinoid receptor signalling.

FAAH inhibitors (PF-04457845,
URB597, URB937), Anandamidg
transport inhibitors (AM404,
5,VDM11), MGL inhibitors
24URB602, JZL184, MIN110),
Positive allosteric modulators of
the CB receptor (ZCz011,
GAT211)

CBD: cannabidiol; FABP: fatty acid binding proteiftiC: A°-tetrahydrocannabinol:-AG: 2-arachidonoyl

glycerol; MGL: monoacylglycerol lipase.



Table 2. Study level data extracted from each included publication

Meta-data Risk of Bias Reporting Quality Curated Content
® First e Sample size e Compliance e Locomotor
author calculation with animal assessment
o welfare ) )
® Year ® Randomisation . e Confirmation of
regulations
Allocati drug target
° ocation
| ‘ e Statement of Electronhvsiol
concealmen . ° ectrophysiolo
potential phy &Y
e Blinded conflict(s) of e _Markers of
assessment of interest neuronal activity
outcome
® Assessment of
e Animal depression/anxiety

exclusions

-related behaviour




Table 3. Experimental level data extracted from each included publication.

Animal Model Intervention Outcome measure
® Species e Type of model e Drug e Outcome measure
. . type
e Strain e Method of e Time of
induction administration e Units
e Sex . .
in relation to . .
o Direction of effect
e Age model
induction o Number of
* Weight treatment groups
® Dose sfoup

e Route of
administration

served by control

e Time of
assessment

For each group;
e Sample size
e Mean outcome

e Variance




Table 4. Summary of the drug classes assessed for anti-nociceptive effect in animal models of injury-related or
pathological persistent pain. FAAH, fatty acid amide hydrolase, PPAR, peroxisome proliferator-activated
receptor, THC, delta-9 tetrahydrocannabinol, CBD, cannabidiol, FABP, fatty acid-binding protein, NAAA, N-
acylethanolamine-hydrolysing acid amidase, MAGL, monoacylglycerol lipase, PAM, positive allosteric
modulator, TRPV1, transient receptor potential vanilloid receptor 1, TRPA1, transient receptor potential
ankyrin 1, ABHD6, abhydrolase domain containing 6.

Number of | Number of Nested

Drug Class Studies Comparisons

CB2 receptor agonist 75 299
CB1receptor agonist 88 281
Non-selective cannabinoid receptor agonist 71 230
FAAH inhibitor 57 217
PPAR-alpha agonist 40 121
THC 16 69
Anandamide transport inhibitor 18 64
CBD 17 63
Monoacylglycerol lipase inhibitor 23 58
FABP inhibitor 3 31
Unknown mechanism of action 6 25
NAAA inhibitor 4 20
CB1receptor inverse agonist 7 19
Diacylglycerol lipase inhibitor 3 14
Dual FAAH/MAGL inhibitor 4 10
CB1 receptor PAM 1 5
FAAH inhibitor/TRPV1 agonist 1 5
CB2 receptor inverse agonist 2 4
ABHDEG inhibitor 1 3
FAAH inhibitor/TRPA1 agonist 1 2
PPAR-gamma antagonist 1 2
GPR55 agonist 1 1
Hemp oil 1 1




Table 5. Summary of the model types used to assess the anti-nociceptive effect of cannabinoids, cannabis-
based medicines, and endocannabinoid system modulators.

Model Type Number of Number of Nested
Studies Comparisons

Inflammation 434 467
Nerve injury 348 413
Formalin 223 235
Chemotherapy 112 128
Diabetes 63 74
Cancer 57 65
Post-operative 27 52
Visceral inflammation 20 31
Chemical cauterization 1 16
Migraine 9 13
HIV 4 11
Capsaicin 5 9
Heat injury 2 7
Multiple sclerosis 6 7
Musculoskeletal 2 4
Antiretroviral 1 3
Burn injury 1 3
Mustard-oil 3 3
Sickle cell disease 2 2
Mild traumatic brain injury 1 1




Table 6. The number of studies that conducted further experimentation to gain further understanding of the
cannabinoids, cannabis-based medicines, and endocannabinoid system modulators in conjunction with anti-
nociceptive effect.

Number of

studies %
Confirmation (where applicable) of the CB,/CB, target 207 69
Effects on motor activity 124 33
Investigate pharmacokinetics 26 7
Tissue concentrations 25 7
Electrophysiology 20 5
Potential toxic effects 19 5
Measure markers of neuronal activity 19 5
Effect on anxiety/depression 11 3
Effects on dependency 10 3




Table 7. Differences and overlap between treatment and control groups for drug classes assessed for antinociceptive efficacy in rats (A) and mice (B) which corresponds to
the forest plots of figures 3 and 4. N, number of animals (Magnusson, 2020).

A % of treatment group B % of treatment group
with with
larger mean larger mean

Drug Class Effect Size than control group % overlap|N Drug Class Effect Size [than control group % overlap [N
NAAA inhibitor 1.59 94.4 42.7 78 FAAH inhibitor/TRPA1 agonist 3.52 100| 7.84] 24
- - NAAA inhibitor 3.23 99.9 10.6] 110|

Unknown mechanism of action 1.50 93.3 45.3 32 - ]

- CB1 receptor inverse agonist 2.69 99.6 17.9 66|
CB, receptor agonist 1.48 93.1 45.9 1671 PPAR-alpha agonist 2.60 995 194 508
[THC 1.47 92.9 46.2 476 Diacylglycerol lipase inhibitor 1.83 96.6) 36, 138
CB; receptor inverse agonist 1.44 92.5 47.2 131 FAAH inhibitor 1.56 94.1] 43.5] 1058
PPAR-alpha agonist 1.40 91.9 48.4 1105 Unknown mechanism of action 1.56| 94.1 43.5 183
Non-selective cannabinoid receptor agonist 1.37 91.5 49.3 1379 Monoacylglycero'!'pésé inhibitor 1.53 937 444 457
- — Dual FAAH/MAGL inhibitor 1.42 92.2 47.8] 84
/Anandamide transport inhibitor 1.32 90.7, 50.9 497 hC 139 918 287 283
Monoacylglycerol lipase inhibitor 1.31 90.5 51.2 151 (CB1 receptor agonist 1.38 91.6 49 887
FAAH inhibitor 1.21 88.7 54.5 1270 CB1 receptor PAM 1.08 86| 58.9 61
CB: receptor agonist 1.18 88.1 55.5 2021 CB2 receptor inverse agonist 1.05 85.3 60| 48
CBD 1.12 86.9 57.5 383 CBD 1.05 85.3 60, 230
CB, receptor inverse agonist 0.96 33.1 63:1 8 Non-selective cannabinoid receptor agonist 1.03 84.8] 60.7 815
FABP inhibitor 0.87 20.8 66.4 12 CB2 receptor agonist 1.03 84.8| 60.7] 1448
Hemp oil 0.09 53.6 96.4 12 Ananc.lan?i(?e transport inhibitor 0.82 79.4 68.2 146
- FABP inhibitor 0.65) 74.2 74.5 252
GPRS5 agonist -0.38 35.2 84.9 8 ABHDG inhibitor 027 60.6] 893 33
PPAR-gamma antagonist -0.72 23.6, 71.9 26 FAAH inhibitor/TRPV1 agonist -0.39 34.8 84.5 45
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Glossary

Systematic Review

Use predefined methods to identify, select and critically appraise all
available literature to address a specific research question

Meta-analysis

The statistical combination of quantitative results (pain-associated
behavioural outcomes) of two or more studies. The methods included in
the meta-analysis are the calculation of effect sizes, the pooling of the
effects so that the range and distribution of effects can be observed

Study

In this instance a study refers to the publication. A publication can have
multiple experiments in which an intervention is tested in a cohort of
animals and a pain-associated behaviour is measured. There can be
multiple outcome measures per cohort. Similarly, a study can have multiple
experiments.

Comparison and
nested comparison

The outcome measure of a treatment group compared to a control (vehicle-
treated) group is a comparison. Often the same cohort of animals undergo
multiple pain-associated behavioural outcome measurements. In these
instances, the comparisons are combined to give one outcome statistic (a
nested comparison) which represents the global measure of the outcomes
in that comparison.

Effect size

For each comparison, an effect size is calculated using standardised mean
difference (SMD). The difference between group means (mean of control
group — mean of experimental group) is divided by the pooled variance
which converts all outcome measures into a standardised scale. (A
correction factor, 1 or -1 is used to define the direction of the effect size,
whether the outcome is better or worse in comparison to the control).

Heterogeneity

Study heterogeneity denotes the variability in outcomes that are not due to
measurement errors but other influencing factors (e.g. study
characteristics). We have estimated heterogeneity using both Cochran’s Q
and /° and explored sources of heterogeneity with stratified meta-analysis.

Estimating
heterogeneity with
Cochran’s Q

Q is an estimate of between-study heterogeneity and is calculated from
effect sizes. It is based on a chi-squared distribution. A larger Q value
denotes larger variation across studies rather than within subjects within a
study. The p value of Q is used to indicate the presence or absence of
heterogeneity.

Estimating
heterogeneity with
/2

I*is the proportion of total variance between studies that is due to true
differences in effect sizes, not differences that are due to chance. If I’=0%
all variation is due to chance alone, 100% all variation is due to differences
between the true effect sizes between studies.

0—-25 % - very low heterogeneity

25-50% - low heterogeneity




50— 75 % - moderate heterogeneity

>75 % - high heterogeneity

Stratified analysis

Studies which share a particular characteristic e.g. sex, strain, animal model
will be more similar than studies that do not share the same characteristic.
Stratified analysis allows us to partition the heterogeneity between groups
of similar studies and between groups of studies to determine whether the
differences are statistically significant.

Animal model

Whole in vivo animal models of pathological or injury-related persistent
pain e.g. tissue injury, cancer, chemotherapy-induced, inflammation, or
nerve damage. Persistent pain was defined as studied over a period of

hours, days, weeks, or months.

Pain-associated
behavioural
outcome

These were when pain was declared the reason for assessment by the
authors. Behavioural outcomes include:

e Evoked limb withdrawal to mechanical, heat or cold stimuli

¢ Spontaneous e.g. weight bearing difference, spontaneous foot
lifting, grimace scale, nocifensive behaviour)

e Complex e.g. open field test (thigmotaxis) and burrowing

Antinociception

Attenuation of pain-associated behaviour
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Identification

|

|

Eligibility Screening

Included

PubMed W of 8 Embase
(n =2528) (n = 2563) (n =10125)
4 h 4 Y

Records identified through
database searching
(n =15216)

Additional records identified
through other sources
(n=0)

0816)

Records after duplicates removed ‘

‘ (n=1

Records excluded

Y

> (n = 10065)

Records
(n=

included
751)

Y

(n=

Full-text article assessed
for eligibility

751) Full-text articles excluded (n=278),

with reasons:
» n = 145 did not meet inclusion
n = 19 Duplicates

Studies included in

n = 114 Abstract only

qual|t?:]|\/=e4s7y?r’1)th65|s Full-text articles excluded (n=99),
with reasons:
n = 5 Behavioural data not reported
» n = 3 Median reported
v n = 19 Sample size (s) not reported

(n=

Studies included in
qualitative synthesis
(meta-analysis)

n = 44 No suitable controls
n = 28 Variance not reported

374)
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" Rat - Drug Class ~,

Effect 95% CI N K |
PPAR-gamma antagonist T -0.72 [-2.80;1.35] 26 2
GPR55 agonist —_—r -0.38 [-1.79; 1.03] 8 1
Hemp oil N — 0.09 [-1.45;1.63] 12 1
FABP inhibitor T 0.87 [-0.36; 2.10] 12 1
CB2 receptor inverse agonist s a— 0.96 [-0.62;2.53] 8 1
CBD || 112 [0.84,1.40] 383 41
CB1 receptor agonist 118  [0.96;1.40] 2021 194
FAAH inhibitor b 1.21 [0.84;1.59] 1270 114
Monoacylglycerol lipase inhibitor —— 1.31 [0.55;2.06] 151 16
Anandamide transport inhibitor . 132  [0.93;1.71] 497 47
Non-selective cannabinoid receptor agonist 137 [1.11;1.62] 1379 143
PPAR-alpha agonist R 1.40 [1.00;1.80] 1105 86
CB1 receptor inverse agonist —— 1.44 [0.89;1.99] 131 13
THC i 1.47 [1.07;1.87] 476 35
CB2 receptor agonist 148 [1.24;1.72] 1671 / 159
Unknown mechanism of action — i —, 1.50 [0.48; 2.58] 32 4
NAAA inhibitor - 1.89 [1.17; 2.01] 78 6

e e 4 )

SMD Effect Size |

% o

Mouse - Drug Class ~
B Effect 95% CI N K

FAAH inhibitor/TRPV1 agonist } -0.39 [-3.47;2.70] 45
ABHDS inhibitor g 0.27 [-0.19;0.74] 33 3
FABP inhibitor B 0.65 [0.10;1.20] 252 30
Anandamide transport inhibitor N > 0.82 [0.04;1.60] 146 17
CB2 receptor agonist 1.03  [0.77;1.29] 1448 137
Non-selective cannabinoid receptor agonist 5 1.03 [0.48;1.59] 815 87
CBD -~ 1.05 [0.53;1.56] 230 22
CB2 receptor inverse agonist - 1.05 [0.65; 1.44] 48 3
CB1 receptor PAM > = 1.08 [0.12;2.03] 61 5
CB1 receptor agonist < 3B 1.38 [0.93,1.83] 887 87
THC - 1.39 [0.90;1.89] 283 34
Dual F AAH/MAGL inhibitor -, 1.42 [0.65;2.19] 84 10
Monoacylglycerol lipase inhibitor - 1.53 [0.99;2.06] 457 42
Unknown mechanism of action . 1.56 [0.77;2.35] 183 21
FAAH inhibitor R ) 156 [1.11;2.01] 1058 103
Diacylglycerol lipase inhibitor — e 1.83 [0.85,2.81 138 14
PPAR-alpha agonist - 2.60 [1.85,3.36] 508 35
CB1 receptor inverse agonist —— 269 [1.63;3.76] 66 6
NAAA inhibitor — 323 [1.97:450] 110 14
FAAH inhibitor/ TRPA1 agonist : : I I 3.52  [-1.89; 8.93] 24 2
-4 -2 0 2 4
SMD Effect Size y
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Control Treatment

€

)
| (Diff:19.8)
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e Model Type
A

Effect 95% Cl N
Heat injury o =0.08 [-0.73; 0.55] 105
Capsaicin - 066 [0.00;1.31] 106
Migraine — 074 [-0.22,1.70] 139
Inflammation 1.16 [0.83; 1.38] 2893
Post-operative . 1.25  [0.87; 1.62] 291
HIv - 1.32  [1.00; 1.64] 94
Formalin o 1.36  [1.051.67] 1112
Nerve injury 1.36 [1.19; 1.53] 2848
Visceral inflammation —&— 1.51 [ 0.68; 2.35] 205
Cancer —&— 1.52  [0.33 2.71] 184
Diabetes - 163 [1.12;1.93] 501
Chemotherapy B 1.69 [ 1.30; 1.88] 681
Antiretroviral — 2.00 [ 1.39; 2661] 68
Burn injury d 223 [0.334.14] 33
S e 4
SMD Effect Size

£ 2 m 4

- Effect = 95% CI N
Both B 059  [0.27,0.30] 60
Male 1.30 [1.19; 1&1] 8337
Female . 1.32 [0.88; 1.77] 650
Not reported : : | —I.—I 260 [1.29; 3.92] 213
-4 -2 0 2 4
. SMD Effect Size y

7 ™
r m 1

& Effect 95% Cl N
Not reported -1.69 [-7.39:4.01] 28
Wistar—Kyoto _— =0.72 [-2.80; 1.35] 24
Wistar han — 0.33  [-0.37;1.03] 26
Heltzman albino T 0.59  [0.27,0.90] 60
Fischer 344 —_— 0.87 [-0.36; 2.10] 12
Sprague Dawley 4 1.30 [1.16; 1.43] 5148
Wistar 136 [1.18;1.53] 3855
Random Hooded i = 142 [0.98,1.87] 108
Obese diabetic ZDF/crl-leprifa - 1.51  [0.11;2.82] 48
Lister-hooded - - 1.71 [ 0.43; 3.00] 14
Wistar albino —_— 2.33 [1.03; 3.64] 78
Lewis B o> 3.09 [1.54;464] 59

42 6 2
SMD Effect Size

e OQutcome Assessment Type

‘D
Effect 95% Cl N

Complex - == 292 [1.11; 4.74] 141

Cold - 1.58 [1.22;1.91] 666

Nan-evoked - 0.60 [0.15; 1.086] 800

Farmalin 1.19 [1.01; 1.36] 1426

Heat 151 [1.35; 1.67] 3217

Mechanical i I | | 1.28 [1.17.1.40] 6376
-4 -2 0 2 4

SMD Effect Size
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pem Model Type
A

Transgenic (alpha and beta globin)

Effect 95%ClI N
Multiple sclerosis S | E— 0.39 [-1.73;251] 34
Sickle cell disease 047 [-3.01;3.95] 16
Visceral inflammation = 0.54 [-1.88;296] 55
Chemical cauterization 0.56 [0.35;0.77] 16
Mustard-oil 092 [-3.96;5.79] 18
Nerve injury 1.04 [0.71;1.36] 534
Formalin 1.26 [1.00;1.52] 382
Inflammation 1.29 [1.05; 1.63] 561
Musculoskeletal 1.55 [1.25;1.85] 10
Chemotherapy = 172 [1.13;2.30] 202
Cancer == 1.72 [1.02;2.43] 201
Mild traumatic brain injury — 5B 1.84 [0.57;3.11] 8
Post-operative —— 2.32 [1.36;3:28] 71
Diabetes = 237 [1.73,3.02] 65
HIV 7.93 [665921] 9
I T T
-4 -2 4] 2
SMD Effect Size
'B
Effect 95% ClI N
Female = 0.96 [0.36;1.56] 234
Male 1.32  [1.15; 1.48] 1732
Not reported - 1.68 [1.30;2.05] 144
Both 247 [1.16;3.78] 72
-4 -2 0 2
| SMD Effect Size
N suain
C
Effect 95%Cl N

-3.59 [-5.83; -1.36] 8

C3H/HeN —— -1.13 [-1.91; -0.36] 58
NMRI i -0.15 [-0.35; 0.05] 9
C3H/HeNCr MTV- —a 0.34 [-2.05; 2.73] 12
HbSS-BERK 047 [-3.01; 3.95] 16
ND4 Swiss g 0.57 [-0.33; 1.46] 9
C3H/He — 0.67 [-1.24; 2.58] 32
Swiss - 0.74 [0.37; 1.12] 239
Swiss albino b 0.77 [-0.21; 1.76] 8
Balb/c —_ 1.20 [0.59; 1.81] 88
BALB/cfC3H = = 1.24 [0.77; 1.71] 35
Swiss Albino imprinting control region (ICR) mice —— 1.27 [0.36; 2.17] 12
Swiss CD1 —— 1.40 [0.61; 2.19] 24
C57BL/6J B2 141 [1.15; 1.66] 597
Swiss Webster B — 143 [0.07; 2.79] 74
CD-1 B 148 [099; 1.97] 277
C57BL/6 - 149 [1.18; 1.80] 377
NR . 1.52 [1.05; 2.00] 69
C57BL/6NH —— 1.54 [0.38; 269] 8
C3H/HeNCr —— 1.58 [0.71; 2.45] 52
Foxn1nu, athymic mice - 2.00 [1.55; 2.46] 4
C57BL/6N — 210 [1.53; 267] 24
ICR — 214 [1.19; 3.08] 54
OF1 —— 226 [1.57, 296] 16
DBA1/J — 2.656 [0.90; 440] 6
Kumming s 271 [-0.08; 551] 17
DBA/1J —_— 3.82 [-1.76; 9.41] 27
C3H/Hed —H 3.98 [212; 584] 20
Foxn1nu, athymic, immunocompromised ‘ ; ; — 6.22 [2.65; 9.79] 10
-4 = Q 2
SMD Effect Size
L
ey Qutcome Assessment Type
D
Effect 95%ClI N
Non-evoked 45 0.03 [-0.47; 0.53] 811
Mechanical 1.09 [0.94; 1.24] 4656
Heat 114 [0.98; 1.29] 2149
Cold - 1.15 [0.79; 1.52] 758
Formalin 1.24 [1.07; 1.40] 1315
Complex ; : | 3.63 [-3.52;10.78] 17
-4 -2 0 2
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Animal Exclusions |

Predetermined Animal Exclusion Criteria—
Blinded Assessment of Outcome |
Sample Size Calculation |

Randomisation -

Allocation Concealment -

M Yes
B No

| | | | |
0 20 40 60 80 100

Reporting of Methodological
Quality Criteria (%)

Incomplete Outcome Data (Animal Exclusion) —

Blinded Assessment of Qutcome _ 199
. . 8
Sample Size Calculation-{ | 366
o 4 4
Randomisation - | 366’
3 1
Allocation Concealment - \| 370 |/
Overall - 374
M Low
Unclear
M High

| T T T |
0 20 40 60 80 100

Risk of Bias (%)
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Animal exclusion— ey
O
Blinded assessment of outcome — -

Randomisation —
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