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Abstract

There is an ongoing debate about the value of animal experiments to inform medical prac-
tice, yet there are limited data on how well therapies developed in animal studies translate to
humans. We aimed to assess 2 measures of translation across various biomedical fields:
(1) The proportion of therapies which transition from animal studies to human application,
including involved timeframes; and (2) the consistency between animal and human study
results. Thus, we conducted an umbrella review, including English systematic reviews that
evaluated the translation of therapies from animals to humans. Medline, Embase, and Web
of Science Core Collection were searched from inception until August 1, 2023. We assessed
the proportion of therapeutic interventions advancing to any human study, a randomized
controlled trial (RCT), and regulatory approval. We meta-analyzed the concordance
between animal and human studies. The risk of bias was probed using a 10-item checklist
for systematic reviews. We included 122 articles, describing 54 distinct human diseases and
367 therapeutic interventions. Neurological diseases were the focus of 32% of reviews. The
overall proportion of therapies progressing from animal studies was 50% to human studies,
40% to RCTs, and 5% to regulatory approval. Notably, our meta-analysis showed an 86%
concordance between positive results in animal and clinical studies. The median transition
times from animal studies were 5, 7, and 10 years to reach any human study, an RCT, and
regulatory approval, respectively. We conclude that, contrary to widespread assertions, the
rate of successful animal-to-human translation may be higher than previously reported.
Nonetheless, the low rate of final approval indicates potential deficiencies in the design of
both animal studies and early clinical trials. To ameliorate the efficacy of translating thera-
pies from bench to bedside, we advocate for enhanced study design robustness and the
reinforcement of generalizability.
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Introduction

Animal studies remain foundational in basic research, accounting for a substantial share of
global biomedical research investment. These experiments have provided insight on aspects of
human diseases and have paved the way for therapeutic innovations. For example, mitoxan-
trone and glatiramer acetate, FDA-approved drugs for multiple sclerosis, owe their inception
at least partly to animal studies [1]. Yet, in recent years, concerns have grown about the low
translatability of findings from animal experiments to humans, a concern that certain drugs
with beneficial findings in animal experiments did not show similar effects in humans [2-4].
For example, while NXY-059 showed substantial promise in animal stroke studies, it failed in
human trials [5]. Natalizumab displayed considerable efficacy in both animal and human mul-
tiple sclerosis trials, but the animal studies did not detect a severe side effect caused by a virus
not present in rodents [6,7]. Opicinumab demonstrated significant promise in multiple sclero-
sis animal studies but failed its primary endpoint in human trials for multiple sclerosis [8,9].

The concerns of low translatability of animal research are particularly relevant to the debate
on the ethical use of animals in research because clinical translation is one of the primary justi-
fications for such research [10]. Discussions around the usefulness of animal experiments per-
sist, but much of the current debate relies on anecdotal findings from discrete research areas
[11]. High-level evidence—spanning various biomedical sectors and assessing translational
success rates—is scarce. Hence, here we aimed to (1) offer a quantitative perspective on ani-
mal-to-human translation across diverse biomedical fields; (2) scrutinize the agreement
between findings in animal and human drug development studies; and (3) probe the time
intervals separating animal and human trials during drug development.

Materials and methods
Study registration

We registered the study protocol on the Open Science Framework platform (OSF, https://osf.
io/jh2d8) and used the Preferred Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines for reporting [12].

Approach to identification of therapeutic interventions

Our method to identify therapeutic interventions assessed for bench-to-bedside translation
was identified via a two-stage process: in a first step, we identified systematic/scoping reviews
assessing animal-to-human translation of specific therapeutic interventions (described in the
Methods section “Search strategy for systematic reviews”). In the second step, these therapeutic
interventions were included in our analysis of translational proportions, consistency of animal
and human findings, and development times (described in the Methods section “Assessment
of translational proportions and development times”).

Search strategy for systematic reviews

We searched for studies published from inception up to August 01, 2023, in Medline (Ovid),
Embase, and Web of Science Core Collection (Clarivate). We created the search string in Med-
line and translated to the other databases. The exact search strings are provided in the S1 Data.
In brief, the search string comprised one block with terms for translation and one block for
systematic/scoping reviews, and was limited to animal studies by employing the SYRCLE ani-
mal filter [13]. To probe the sensitivity of this approach, we also tested a broad search string
comprising only the systematic review block and the SYRCLE animal filter (i.e., without the
block for translation). Our protocol stated that we would use this broader strategy if we
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identified in a subgroup of search returns additional studies equivalent to 5% of the total.
However, we did not identify any additional eligible studies using the broad search strategy
(i.e., 0%) and so we used the narrower search string for this systematic review (see protocol for
details). We deduplicated the references in Endnote using the Bramer method [14].

Inclusion and exclusion criteria

Inclusion criteria. Systematic reviews or scoping reviews with or without meta-analysis
which investigate translation of interventions in animal models of human diseases, i.e., the
study must have the goal of assessing animal-to-human translation of therapies. Any type of
intervention with the goal of improving at least 1 disease outcome was eligible (e.g., drugs, sur-
gical interventions, neuromodulation, diets, behavioral therapy). The minimum requirement
to be eligible as systematic review, scoping review, and/or meta-analysis was at abstract level:
(1) Having at least 2 authors; (2) mentioning a systematic literature search; and (3) at full-text
level having a paper section describing methodology of the systematic review.

Exclusion criteria. Original studies and/or studies not assessing bench-to-bedside transla-
tion, non-English articles, and gray literature (conference abstracts, book chapters). We
excluded non-systematic reviews but retained them to find potential additional references.

Study selection and data extraction

Three independent reviewers (BVI, SG, and EF) screened titles and abstracts of studies for
their relevance in the web-based application SyRF (RRID: SCR_018907) in duplicate [15]. We
resolved discrepancies by discussion. Subsequently to full-text screening, we extracted the fol-
lowing data: bibliographic data (author names, journal, title, publication year, digital object
identifier), number of included animal studies and clinical trials, disease classes, any data
related to translation, any provided definition on translation as well as data on year/outcome
of clinical studies (see below). We extracted all data from text/tables if possible, and if not
extracted from figures using Universal Desktop Ruler [16].

Critical appraisal of included studies

We assessed the quality of each included study against predefined criteria by 3 independent
reviewers in duplicate (BVI, WEZ, and EF), based on a checklist proposed by Sena and col-
leagues [17], and extended with additional items for a more granular critical appraisal. Con-
cretely: (1) Was an a priori study protocol defined? (2) Was a flowchart for study selection
provided? (3) Was a conflict-of-interest statement provided? (4) Was screening and/or extrac-
tion conducted by 2 or more reviewers? (5) Was a clear research question defined? (6) Were
in- and exclusion criteria reported? (7) Were 2 or more literature databases searched? (8) Was
a search date provided? (9) Was a search string provided? (10) Was a critical appraisal con-
ducted? (11) Did the study mention alignment with relevant guidelines, e.g., SYRCLE,
CAMARADES, or PRISMA? We resolved discrepancies by discussion. This appraisal method
was initially tested in a separate umbrella review. Detailed application guidelines are available
in the S2 Data. The inter-rater agreement was calculated using Cohen’s Kappa. Of note, we
included all systematic reviews into our final analysis, regardless of their risk of bias.

Assessment of translational proportions and development times

Definition of translation. We used the following working definition of translation: the
process of turning observations from animal experiments into interventions that improve the
health of human individuals and the public [18].
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Study year and outcomes. For each individual intervention identified in the eligible sys-
tematic reviews, 2 independent reviewers extracted: (1) the first published animal study testing
the respective intervention; and (2) the first clinical study testing the respective intervention.
We included any type of clinical studies including pilot studies or case series, and (3) the first
randomized controlled trial (RCT) testing the respective intervention. In addition, for all clini-
cal studies/RCT's, we extracted the main study outcome as defined by the authors of the respec-
tive study, grouped into 4 classes, i.e., whether the intervention had a positive, negative, mixed,
or neutral effect on the corresponding disease outcome [19], any outcome was considered,
e.g., primary or secondary outcome. We extracted these data in first priority from the respec-
tive systematic reviews. If these data were not available in the systematic reviews, we searched
Medline (Ovid) and Embase for corresponding clinical studies/RCTs. For this, we used a
search string comprising the intervention and disease name, including synonyms. For clinical
approval of an intervention, we considered FDA approval (by searching the FDA webpage for
respective therapies) as well as UK and Swiss medical guidelines for recommended use of
respective interventions. We resolved discrepancies by discussion.

Data synthesis and analysis

Narrative synthesis and descriptive statistics. We provide a narrative summary of the
extent of bench-to-bedside translation, supported by descriptive statistics of extracted
parameters.

Meta-analysis on relative risks. To assess the concordance between animal and human
studies, we conducted a meta-analysis on relative risks, i.e., the ratio of the proportion of posi-
tive animal studies to the proportion of positive clinical studies. We conducted this only in
case of specific interventions for specific diseases entities (e.g., atorvastatin for glioblastoma).
To reduce noise of the dataset, we restricted our analysis to therapies that were the subject of 5
or more published animal studies. As primary outcome, we pooled relative risks to obtain an
overall relative risk and 95% confidence intervals. We fitted a random-effects model to the
data [20] and estimated the amount of heterogeneity, i.e., T°, using the DerSimonian—Laird
estimator. We calculated the Q-test for heterogeneity and the I” statistic. We used the R pack-
age meta for the meta-analysis [21] (RRID: SCR_019055).

Kaplan-Meier survival analysis for development times. To estimate the time-to-event
from first animal study to clinical studies/RCTSs and eventually official endorsement (i.e., the
lag time), we conducted a Kaplan—Meier analysis. We used the packages survminer (RRID:
SCR_021094) and survival (RRID: SCR_021137) for this survival analysis.

All statistical analyses were conducted in the R programming environment (version 4.2.2).
We considered a two-tailed P value < 0.05 statistically significant.

Results
Eligible publications and general study characteristics

Eligible studies. In total, 5,227 original publications were retrieved from our database
search, and 1 publication from reference lists of reviews on related topics. After abstract and
title screening, 656 publications were eligible for full-text search. After screening the full text of
these studies, 122 articles (2% of deduplicated references) were included for qualitative synthe-
sis (Table 1) and a subset of 62 for quantitative synthesis (Fig 1).

The eligible systematic reviews comprised a total of 4,443 animal studies and 1,516 clinical
studies (median 21 animal and 8 human studies per systematic review).

Most studies have been published in the last 5 years (88 since 2018). Most studies were
from the United States of America (27 studies, 22%), Canada (19, 16%), the Netherlands, (16,
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Table 1. Number of included translational systematic reviews, diseases/conditions, and therapeutic interventions.

Number of systematic reviews included 122

Number of unique diseases/conditions 54

Number of unique therapeutic interventions (including drug and non-drug | 367 | No. in any human 165

interventions) study (45%)
No. in an RCT 132

(36%)

No. with (FDA) 14 (4%)
approval

The percentage in brackets refers to the relative numbers of therapeutic interventions entering the respective therapy
development stage.
The data underlying this table can be found on https://osf.io/frjm4 (Sheet: Mastersheet_including RoB).

FDA, food and drug administration; No., number; RCT, randomized controlled trial.

https://doi.org/10.1371/journal.pbio.3002667.t001

13%), Australia (13, 11%), Italy (13, 11%), and the United Kingdom (10, 8%). Thirty-six stud-
ies were collaborative efforts between 2 or more countries.

Diseases and therapies. The studies covered 54 unique different human diseases/condi-
tions (Table 1). The most common ICD-11 disease classes addressed by the systematic reviews

Fig 1. Flow chart for study inclusion. Flow chart for inclusion of systematic reviews or scoping reviews with or
without meta-analysis which investigate translation of interventions in animal models of human diseases.

R
5 Records identified from:
- Databases (n = 5227) Records removed before
k) Medline (Ovid, n = 1907) N screening:
= EMBASE (n = 2077) Duplicate records removed
& Web of Science (n = 1243) (n =1885)
= Other sources (n =1)
—
'
Records screened > Records excluded
(n =3343) (n =2687)
o
=
=
o
o
o
7]
Rei)orts assessed for eligibility Reports excluded (n = 534):
(n =656) No translation (n = 292)
No systematic review (n = 113)
Full text not available (n = 62)
Grey literature (n = 47)
Not English (n = 8)
Other (n =12)
—

Studies included in:
Qualitative synthesis (n = 122)
Quantitative synthesis/meta-
analysis (n = 62)

https://doi.org/10.1371/journal.pbio.3002667.9001
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Fig 2. Risk of bias assessment for included systematic reviews. The data underlying this figure can be found on https://osf.io/frjm4 (Sheet:
Mastersheet_including_RoB). The code underlying this figure can be found S1 Code (https://osf.io/9fgru).

https://doi.org/10.1371/journal.pbio.3002667.9002

were “diseases of the nervous system” (32% of studies), “diseases of the musculoskeletal system
and connective tissue” (11%), “mental and behavioral disorders” (9%), “diseases of the circula-
tory system” (9%), “diseases of the digestive system” (8%), and “neoplasms” (8%).

These reviews included a total of 367 unique therapeutic interventions including drug and
non-drug treatments (Table 1). The median interval between the first animal experiment and
publication of the respective systematic review was 15 years (range: 3 to 63 years, total observa-
tion time 6,736 years). All therapies and diseases are listed in S1 Table.

Risk of bias assessment. The inter-rater agreement Kappa was 0.76. We considered most
of the included reviews to be at low risk of bias for providing a search date, a search string, a
study flow chart, and reporting screening and data extraction by 2 reviewers. However, few
studies published a study protocol, and a substantial number of systematic reviews did not per-
form a risk of bias assessment, thus posing high risk of bias in these domains (Fig 2). Given
that most included systematic reviews were deemed at low risk of bias, we anticipated no rele-
vant impact on our overall conclusions.

Qualitative summary of translation in different biomedical fields

Therapies were tested in a variety of diseases, including neurological, musculoskeletal, psychi-
atric, circulatory system, digestive, skin, lung, and metabolic diseases (52-S8 Tables).

Most studies discussed potential hurdles for translation of findings from animal to human
studies. A prevalent observation was the disparity in methodological approaches between ani-
mal experiments and human studies. Specifically, several studies highlighted that experimental
conditions in animal research often do not mirror clinically relevant scenarios [22-33]. For
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example, treatments for stroke were frequently tested on young, healthy animals, which con-
trast the typically multimorbid elderly patient population in clinical settings [22]. Poor study
quality and inadequate reporting, predominantly in animal studies, were also recurrent con-
cerns [34-36]. A noticeable reduction in effect size from animal to human studies was docu-
mented by several reviews [24,37-40]. This trend was substantiated by a systematic review and
meta-analysis which examined the preclinical-to-clinical development trajectory of 37 treat-
ments for acute ischemic stroke, encompassing 50 phase 3 clinical trials, 75 early clinical trials,
and 209 animal studies [36]: It observed a progressive reduction in efficacy from animal
research to early clinical trials and then to Phase 3 clinical trials. This decline was attributed to
shortcomings in preclinical study rigor (such as the absence of randomization and blinding),
differences in study design, including the use of differing outcomes, and insufficient statistical
power in both animal studies and preliminary clinical studies.

Another comprehensive systematic review covering therapies for cardiac arrest encom-
passed 415 animal and 43 clinical studies. This review, which evaluated 190 pharmacological
interventions, found a limited number of positive outcomes in clinical studies [41]. In addi-
tion, many animal studies were conducted subsequent to the publication of a corresponding
clinical study [41]. And similar to stroke, there were substantial variation in experimental
methodologies between animal and human studies. For example, drugs were typically admin-
istered approximately 9.5 min post-cardiac arrest in animal studies, compared to roughly 19.4
min in human studies [42].

Finally, one study traced the developmental pathway of an oncolytic virus used in cancer
therapy [43]. While animal experiments exhibited 80% to 100% regression rates in tumours,
human studies only demonstrated a range of 0% to 24%. Intriguingly, more rigorously con-
ducted studies showed smaller effect sizes. And the authors emphasize that even successful
biotherapeutic interventions might not present a straight-forward translational journey.

Quantitative overview of therapy translation overall and by discipline

In these systematic reviews, and only accounting for therapies where more than 10 years has
elapsed since the initial animal experiment, 50%, 40%, and 5% of therapies entered any human
study, an RCT, or have been (FDA) approved (281 therapies, Fig 3A). Diseases of the circula-
tory system (166 therapies, including stroke: 34%, 29%, and 1%, respectively) and mental
health disorders (16 therapies: 50%, 31%, and 0%, respectively) showed particularly low trans-
lational proportions (Fig 3B and 3D). Diseases of the musculoskeletal system (13 therapies,
100%, 62%, and 15%, respectively) and cancer (15 therapies, 73%, 47%, and 20%, respectively)
showed relatively high translational proportions (Fig 3E and 3F). Translational proportions
considering all therapies independent of time gap between animal and clinical studies were
slightly lower (Table 1 and S1 Fig). Translational proportions per disease are illustrated in Fig
4 with cardiac arrest, multiple sclerosis, and stroke assessing the most therapeutic interven-
tions in animals (S9 Table).

Chronology of animal-to-human translation

Because less than half of the therapies transitioned from animal experiments to clinical studies,
we were not able to estimate the overall median durations (Fig 5). However, if only considering
therapeutic interventions entering any clinical study, an RCT, or obtaining (FDA) approval,
the median lag times were 5 years [95% CI: 5 to 6], 7 years [95% CI: 6 to 8], and 10 years [95%
CIL 4-not estimable], respectively (S2 Fig). The maximum time from first animal study to any
clinical trial, and RCT, or FDA approval was 44 years, 58 years, and 34 years, respectively.
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Fig 3. Translational proportions for all therapies with >10 years development time since the first published animal study. Proportions of
translation from animals to any clinical study (green), to an RCT (yellow), or to (FDA) approval (red) overall (A), for circulatory system diseases (B),
for neurological diseases (C), for mental health disorders (D), for musculoskeletal diseases (E), and for cancer (F). The data underlying this figure can

be found on https://osf.io/frjm4 (Sheet: Translation). The code underlying this figure can be found in S1 Code (https://osf.io/9fgru). RCT, randomized
controlled trial.

https://doi.org/10.1371/journal.pbio.3002667.9003
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Fig 4. Progression of therapies through different stages of clinical development, categorized by disease or
condition. The quantity of therapies that are initially tested in animal studies (blue), subsequently entering any clinical
trial (green), advance to a randomized controlled trial (yellow), and eventually achieve regulatory approval (red). The
total number of therapies for each category is annotated at the upper right corner of the respective graph. The data
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found S1 Code (https://osf.io/9fgru). ACL, anterior cruciate ligament; ALS, amyotrophic lateral sclerosis; ARDS, acute
respiratory distress syndrome; OCD, obsessive compulsive disorder.

https://doi.org/10.1371/journal.pbio.3002667.9004
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Fig 5. Lag times for clinical therapy development from first animal study. Lag times for therapies from first animal
study to any clinical study (A), to a randomized controlled trial (RCT, B), or to (FDA) approval (C). The data
underlying this figure can be found on https://osf.io/frjm4 (Sheet: Translation). The code underlying this figure can be
found S1 Code (https://osf.io/9fgru). RCT, randomized controlled trial.

https://doi.org/10.1371/journal.pbio.3002667.9005
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Table 2. Outcome of animal studies, clinical studies, and RCTs.

Positive (%) Neutral (%) Mixed (%) Negative (%) Total
Animal studies 1,181 (79%) 278 (19%) 10 (<1%) 27 (<2%) 1,496
Clinical studies 317 (62%) 178 (35%) 5(<1%) 15 (<3%) 515
RCTs 111 (50%) 103 (47%) 2 (<1%) 4 (2%) 220

We restricted our analysis to therapies that were the subject of 5 or more published animal studies, encompassing 62 therapeutic interventions.
The data underlying this table can be found on https://osf.io/frjm4 (Sheet: Mastersheet_including RoB).
RCT, randomized controlled trial.

https://doi.org/10.1371/journal.pbio.3002667.t002

Notably, in several instances, the first animal experiment was documented after the first clini-
cal trial (49 therapies, representing 31%) or RCT (28 therapies, accounting for 22%).

Concordance between animal and human studies

In evaluating concordance, we restricted our analysis to therapies that were the subject of 5 or
more published animal studies, encompassing 62 therapies. These therapies were examined
across 1,496 animal studies, 515 clinical studies, and 220 RCT's. Out of these, positive outcomes
were identified in 1,181 (79%) animal studies, 317 (61%) clinical studies, and 111 (50%) RCTs
(Table 2). The overall alignment between positive outcomes in animal and clinical studies, rep-
resented by the relative risk, was 0.86 [95% CI: 0.80 to 0.92] (Fig 6). This alignment was espe-
cially pronounced in therapies for neurological diseases at 0.99 [0.66 to 1.06], involving 23
therapies, and circulatory system diseases (inclusive of stroke) at 0.88 [0.76 to 1.01], involving
12 therapies. Conversely, lower concordance was observed for digestive system diseases (0.86
[0.75 to 0.99], 7 therapies), musculoskeletal diseases (0.67 [0.515 to 0.862], 6 therapies), cancer
(0.66 [0.49 to 0.88], 3 therapies), and mental health disorders (0.60 [0.37 to 0.97], 7 therapies)
(S2-S8 Figs).

Discussion
Main findings

Our umbrella systematic review evaluated (1) the proportion of therapies which translate from
animal studies to human application, including timeframes; and (2) the consistency between
animal and human study results. We observe a notable consistency between results from ani-
mal and human studies including a relatively large proportion of therapeutic interventions
entering early clinical trials. However, only a minority of therapeutic intervention achieved
regulatory approval.

Findings in the context of existing evidence

Translation across biomedical fields. Our review shows a high consistency between find-
ings from animal and human studies, similar to studies outside of therapy translation [44]. In
addition, a surprisingly high proportions of therapies entered early clinical development: half
of the therapeutic interventions made the transition from animal studies to early human clini-
cal studies (34% to 100% across different biomedical fields). Furthermore, 40% of these thera-
pies progressed to the more rigorous RCT stage (29% to 62% for different biomedical fields).
However, a strikingly low proportion—only 5%—of therapies achieved official approval (0%
to 20% across the biomedical spectrum).
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Clinical studies Animal studies Weight Weight
Study Beneficial outcome Total Beneficial outcome Total RR 95%-Cl (common) (random)
Ramos, 2022 (Epilepsy, mesenchymal stem cells) 4 4 8 1" e 1.353 [0.960; 1.907] 0.9% 2.3%
Arunogiri, 2021 (Cocaine addiction, progesterone) 3 3 15 19 i* 1.258 [1.004; 1.576] 0.9% 3.5%
Baker, 2021 (Intracerebral hemorrhage, therapeutic hypothermia) 3 5 1" 24 - 1.145 [0.503; 2.610] 0.7% 0.6%
Blais, 2021 (Multiple sclerosis, probiotics) 6 6 29 3 EH 1.068 [0.975; 1.169] 1.9% 5.1%
Abdulazeez, 2021 (Hypertension, Nigerian medicinal plants) 3 3 15 16 hd 1.065 [0.942; 1.203] 1.0% 4.7%
Linde, 2021 (Pain, cannabinoids) 6 6 37 39 Eﬂ 1.053 [0.980; 1.132] 2.0% 5.3%
Brito, 2015 (Pain, cyclodextrin complexes) 6 6 15 15 - 1.000 [0.787; 1.271] 1.7% 3.3%
Carvalho, 2022 (Dyslipidemia, citrus extract) 3 3 24 24 ‘i"‘ 1.000 [0.650; 1.540] 1.2% 1.7%
Durg, 2020 (Diabetes mellitus, Indian ginseng) 5 5 13 13 * 1.000 [0.753; 1.329] 1.4% 2.9%
Gruenbaum, 2019 (Epilepsy, branched-chain amino acids) 1 1 10 10 —:r— 1.000 [0.320; 3.126] 0.6% 0.3%
Henriksen, 2020 (Burn wounds, stem cells) 3 3 21 21 i 1.000 [0.649; 1.541] 1.2% 1.7%
Hwang, 2021 (Endometriosis, toxic animal-based medicinal materials) 12 12 6 6 w:w 1.000 [0.779; 1.283] 1.5% 3.2%
Leta, 2021 (Parkinson's disease, probiotics) 5 5 11 1" s 1.000 [0.747; 1.339] 1.4% 2.8%
Liu, 2020 (Stroke, S-nitrosoglutathione) 4 4 6 6 -i"— 1.000 [0.674; 1.484] 1.0% 2.0%
Murray, 2014 (Parkinson's disease, physical exercise) 4 4 6 6 ) i 1.000 [0.674; 1.484] 1.0% 2.0%
Porflitt, 2022 (Obesity, aerobic exercise) 7 10 7 10 _,:.,_ 1.000 [0.563; 1.775] 1.2% 1.1%
Ramos, 2020 (Stroke, melatonin) 6 6 40 40 » 1.000 [0.799; 1.252] 2.1% 3.5%
Jensen, 2014 (Multiple sclerosis, 4-aminopyridine) 16 17 14 14 Iﬁ 0.943 [0.840; 1.058] 2.8% 4.8%
Lalu, 2020 (Stroke, mesenchymal stem cells) 4 5 18 21 -+ 0.933 [0.582; 1.496] 1.2% 1.5%
Ghanbari, 2021 (Diabetes mellitus, spirulina) 6 7 25 27 ~:I'- 0.926 [0.672; 1.276] 1.8% 2.5%
Cecoro, 2022 (Dental implant osseointegration, magnetic stimulation) 5 6 17 18 - 0.882 [0.606; 1.284] 1.5% 2.1%
Montroy, 2020 (Inflammatory bowel disease, resistant starches) 6 7 21 21 4.' 0.867 [0.655; 1.148] 2.0% 2.9%
Roffi, 2017_1 (Bone defects, platelet-rich plasma) 13 17 41 45 = 0.839 [0.635; 1.109] 4.0% 2.9%
Alexander, 2018 (Burn wounds, Diphoterine rinsing solution) 5 6 8 8 -f» 0.846 [0.610; 1.174] 1.3% 2.5%
He, 2019 (Liver failure, bioartificial liver) 15 18 12 12 - 0.838 [0.686; 1.024] 2.6% 3.8%
Gho, 2013 (Cardiomyopathy, cell therapy) 10 15 24 28 ~i| 0.778 [0.527; 1.147] 3.0% 2.0%
Lambert, 2020 (Respiratory failure, sustained inflation) 10 17 13 1 —4 0.769 [0.477; 1.240] 2.3% 1.5%
Verboven, 2019 (Diabetes mellitus, physical exercise) 10 13 8 8 i: 0.778 [0.585; 1.034] 1.8% 2.9%
Lind, 2021 (Cardiac arrest) 10 29 162 358 —- 0.762 [0.456; 1.275] 4.3% 1.4%
Bhatti, 2017 (Traumatic brain injury, N-acetylcysteine) 2 3 18 20 —-E—— 0.741 [0.328; 1.671] 0.8% 0.6%
Lilamand, 2020 (Alzheimer's disease, ketogenic diet) 8 | 14 1" - 0.739 [0.524;1.042] 2.0% 2.3%
Lalu, 2019 (Cancer, oncolytic virus) 5 7 5 5 —-:r 0.733 [0.476; 1.129] 1.1% 1.7%
Daldegan, 2021_2 (Cannabinoids, cocaine-use disorder) 13 27 13 19 —m 0.704 [0.428; 1.156] 2.7% 1.4%
Moran, 2015 (Meniscal injury, biological augmentation) 2 3 18 18 —-i—— 0.714 [0.368; 1.386] 1.1% 0.9%
Naaktgeboren, 2021 (Chemotherapy-induced cardiotoxicity, physical exercise) 2 3 13 13 Sar 0.714 [0.368; 1.386] 1.1% 0.9%
Fritz, 2011 (Lung cancer, retinoids) 13 26 54 67 If 0.620 [0.415; 0.927] 5.3% 1.9%
Miller, 2014 (Inhalation trauma, inhaled anticoagulants) 3 5 16 16 —=r 0.636 [0.338; 1.197] 1.5% 1.0%
Voulgaropoulou, 2019 (Alzheimer's disease, curcumin) 3 5 32 32 ﬂf‘ 0.636 [0.338; 1.197] 1.8% 1.0%
Hexter, 2018 (Soft-tissue injury, biological augmentation) 41 20 85 92 i 0.595 [0.399; 0.889] 5.4% 1.9%
Li, 2018 (Anterior cruciate ligament tear, biological enhancement) 3 7 8 i —ﬁ:‘— 0.589 [0.233; 1.492] 1.1% 0.5%
Cottrill, 2020 (Spinal fusion, bioactive glass) 7 12 12 12 —& 0.600 [0.382;0.943] 2.2% 1.6%
Alves, 2020 (Gut microbioma change, dietary polyphenols) 1 2 19 22 —-—:r— 0.579 [0.143; 2.338] 0.6% 0.2%
Heard, 2018 (Dementia, lithium) 3 6 15 16 —er 0.533 [0.237; 1.199] 1.4% 0.6%
Macedo, 2022 (Dyslipidemia, green tea) 3 6 22 23 —l—i—- 0.523 [0.234; 1.169] 1.6% 0.6%
Cottrill, 2019 (Spinal fusion, electrical stimulation) 8 16 1. 17 — 0.515 [0.323; 0.823] 3.0% 1.6%
Guo, 2021 (Myocardial infarction, Shexiang Baoxin pill) 4 9 5 5 —O—f 0.474 [0.242; 0.926] 1.2% 0.9%
Timur, 2020 (Osteoarthritis, celecoxib) 1 4 8 14 — 0.438 [0.075; 2.535] 0.6% 0.1%
Daldegan, 2021_1 (Cannabinoids, amphetamine-use disorder) 3 10 1 15 —-—:r 0.409 [0.151; 1.106] 1.6% 0.4%
Franzetti, 2022 (Atrial fibrilation, stereotactic radioablation) i 3 6 6 — 0.429 [0.128;1.437] 0.8% 0.3%
Khorshidi, 2021 (Cognitive decline, resveratrol) 4 12 31 31 +i 0.360 [0.172;0.754] 3.2% 0.8%
Glass, 2017 (Wound healing, negative-pressure therapy) 2 10 7 10 — 0.286 [0.078; 1.053] 1.2% 0.3%
Maskery, 2021 (Stroke, glucagon-like peptide-1 receptor agonists) 2 7 34 34 —-—i 0.333 [0.121; 0.917] 2.3% 0.4%
Reis, 2018 (Anxiety, probiotics) 1 14 9 2 ——r 0.175 [0.025; 1.233] 1.2% 0.1%
Cadotte, 2011 (Spinal cord injury, riluzole) 0 1 4 8 4'%4 0.378 [0.039; 3.680] 0.5% 0.1%
Cadotte, 2011 (Spinal cord injury, cethrin) 0 1 9 9 —— 0.333 [0.035; 3.205] 0.6% 0.1%
DePhillipo, 2018 (Musculoskeletal injury, vitamin C) 0 3 6 7 —'—:r— 0.165 [0.012;2.179] 0.8% 0.1%
Heard, 2018 (Dementia, rapamycin) 0 1 9 12 S 0.439 [0.045; 4.307] 0.4% 0.1%
Heinzel, 2021 (Peripheral nerve injury, muscle-in-vein grafts) 0 2 3 8 —*—f‘— 0.486 [0.036; 6.580] 0.3% 0.1%
Lai, 2021 (Soft-tissue injury, low-intensity pulsed ultrasound) 0 2 5 § —=—1— 0.200 [0.017; 2.386] 0.6% 0.1%
Miranda, 2012 (Pankreatitis, activated protein C) 0 1 5 5 —‘—:r* 0.333 [0.035; 3.205] 0.5% 0.1%
Pani, 2020 (Fatty liver, inositol) 0 1 i 7 —— 0.333 [0.035; 3.205] 0.5% 0.1%
Rendon, 2022 (Glioma/glioblastoma, atorvastatin) 0 4 8 12 —'—f4 0.163 [0.012; 2.292] 0.8% 0.1%
Common effect model 487 1480 05 0.707 [0.656; 0.761] 100.0% -
Random effects model 3 0.862 [0.804; 0.923] - 100.0%

—rrr—

Heterogeneity/® = 43%, t* = 0.0221, p < 0.01
0.1 0512 10
Translation ratio

Fig 6. Meta-analysis on concordance rate between animal and human studies (relative risk). Forest plot of concordance rates (relative risks) between animal
and human studies. A random-effects model was fitted to the data. The data underlying this figure can be found on https://osf.io/frjm4 (Sheet:
Mastersheet_including RoB). The code underlying this figure can be found S1 Code (https://osf.io/9fgru). CI, confidence interval; RR, relative risk.

https://doi.org/10.1371/journal.pbio.3002667.9006

How can we make sense of the fact that animal studies and early clinical trials seem to show
promiise, yet there is very limited official approval for these therapies? There are 2 possible
explanations: One scenario is that the strict requirements of RCT's and regulatory approval are
causing many potentially valuable treatments to be left behind. The other scenario is that both
animal studies and early clinical trials may have limitations in their design, such as a lack of
proper randomization and blinding, which affects their internal validity [45]. This could lead
to unreliable findings in both domains, ultimately resulting in the exclusion of these therapies
in more rigorous clinical trial settings like RCT's. This line of reasoning also includes the so
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called efficacy-effectiveness gap, i.e., the differences in outcomes between patients treated in
ideal and controlled circumstances of clinical trials versus real-world scenarios [46,47].

We lean towards the second scenario for 2 reasons. First, as therapies progress to more rig-
orous study designs, their numbers do decrease as shown by our data, which contrasts to the
mostly small and uncontrolled early clinical trials where these therapies were initially tested.
Second, drawing from the field of clinical neurology, many therapies that have shown promise
in animal studies and early trials reported as successful candidates herein, such as melatonin
and mesenchymal stem cells for stroke, have not yet become standard clinical practice [48]. A
similar pattern can be seen in other neurological diseases like Alzheimer’s disease and spinal
cord injury, where there are several therapies with promising preclinical results but limited
practical translation [49,50].

Potential hurdles for successful translation. Several factors contribute to the challenges
in translating therapies from animal models to human application, as discussed by many of
the included reviews. First, there is a notable discrepancy in the contexts of animal testing ver-
sus human application. For example, treatment strategies tested on young, healthy animals,
such as those for stroke, may not directly apply to the more complex scenarios of elderly
patients with multiple health conditions. Second, there is an overall poor quality of many ani-
mal studies. These studies often have inherent design flaws, lacking critical elements like blind-
ing or randomization. This absence can bias the results and affect their applicability to the
human case, i.e., their external validity. Third, there seems to be a disconnect between animal
and human research [51]. This warrants a stronger focus on educating a new generation of
translational scientists [52]. Fourth, when it comes to human studies, they can suffer from
being underpowered or relying on outcome measures that do not capture the efficacy of a
treatment [53]. For example, early phase clinical trials testing interventions for neurological
diseases are commonly underpowered [54]. Similarly, clinical trials may use trial outcomes not
genuinely reflecting real-world patient settings such as complex composite outcomes, com-
monly seen in trials of cardiovascular diseases [55] or assessing cognitive domains in dementia
trials not relevant for patients [56]. Lastly, animal and human studies commonly address dif-
ferent questions: whereas animal studies tend to focus on mechanisms, human studies tend to
focus on effectiveness of an intervention.

How can we improve translation? While finding a straightforward solution is challeng-
ing, we emphasize 2 crucial elements to enhance the transition from preclinical studies to clini-
cal applications: the robustness and generalizability of data. ALS research illustrates data
robustness issues, with treatments effective in animal models often failing in human studies
[57]. On the other hand, the variability in experimental protocols and tools affects how gener-
alizable the results are [58,59]: drugs effective across diverse laboratory settings tend to prom-
ise better outcomes in human studies [60]. In addition, outcomes from animal and early
clinical studies must align with actual clinical needs [59]. Incorporating these measures could
not only streamline drug development but also positively impact animal welfare by reducing
research waste [61,62].

Could low translation be an innate characteristic of translational animal research? Instead
of disposing animal research due to low translation, a more telling comparison might be draw-
ing parallels between translational rates in animal research and sectors like medical device
approvals, where development largely bypasses animal use [63]. It might emerge that transla-
tion proportions could be similarly modest in these animal-free sectors.

We did not systematically assess differences in animal models or therapy parameters such
as therapy type (drug versus non-drug) for different disease categories—for example, compar-
ing conditions where animal and human therapy outcomes show high consistency (such as
neurological or circulatory system diseases) against those with lower consistency (such as
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mental health issues or cancer). Future research could explore these factors as potential moder-
ators on the alignment of results between animal studies and human applications. Addition-
ally, future studies should examine how the source of trial sponsorship, comparing
investigator-initiated versus industry-sponsored trials, influences translational success, given
that industry-sponsored trials appear to exert a greater influence on clinical guidelines [64].

Limitations

The findings of this study come with notable limitations:

First and most importantly, the therapies herein included were identified through system-
atic reviews specifically focusing on translation which will likely bias the factual translation.
Such reviews may be more commonly conducted in fields where at least some therapies have
already achieved clinical translation.

Second, the journey of transitioning a therapy from animal experiments to human applica-
tion is intricate, bearing a multidimensional nature [43]. Our methodology, however, simpli-
fied this process by categorizing clinical studies as positive, neutral, or negative.

Third, the outcomes of clinical studies were classified based on the authors’ conclusions,
which may lead to biased interpretations if the authors frame their findings to support a bene-
ficial therapeutic outcome [65]. This phenomenon, known as “spin,” could result in an overes-
timation of clinical trials with beneficial outcomes.

Fourth, it is prudent to recognize that animal studies can have indirect benefits in the trans-
lation process. For example, they might enhance our mechanistic comprehension of diseases,
even if not directly leading to a successful therapeutic application in humans.

Fifth, this umbrella review is confined to studies published in English, which may lead to
the omission of relevant data published in other languages.

Strengths

Our umbrella review also has strengths:

First, we employed a rigorous systematic review methodology, which aids in mitigating
potential biases.

Second, it offers a comprehensive perspective by spanning a variety of biomedical fields,
therapeutic modalities, and human diseases, and including a relatively large number of thera-
pies and diseases.

Third, we have undertaken both qualitative and quantitative assessments of translational
rates, constituting sensitivity analyses.

Conclusions

Our umbrella review presents translational proportions across various biomedical fields,
detailing the progression times from animal studies to clinical development. Although the con-
sistency between animal and early clinical studies was high, only a minority of therapeutic
interventions achieved regulatory approval. To enhance development of therapies for clinical
application, it is imperative to emphasize the robustness and generalizability of experimental
approaches, ensuring rigorous animal and human research.
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