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Abstract

The Stroke Preclinical Assessment Network (SPAN) is a multicenter preclinical trial platform 

using rodent models of transient focal cerebral ischemia to address translational failure in 

experimental stroke. In addition to centralized randomization and blinding and large samples, 

SPAN aimed to introduce heterogeneity to simulate the heterogeneity embodied in clinical trials 

for robust conclusions. Here, we report the heterogeneity introduced by allowing the six SPAN 

laboratories to vary most of the biological and experimental model variables and the impact of 
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this heterogeneity on middle cerebral artery occlusion (MCAo) performance. We included the 

modified intention-to-treat population of the control mouse cohort of the first SPAN trial (n=421) 

and examined the biological and procedural independent variables and their covariance. We then 

determined their impact on the dependent variables cerebral blood flow (CBF) drop during MCAo, 

time to achieve MCAo, and total anesthesia duration using multivariable analyses. We found 

heterogeneity in biological and procedural independent variables introduced mainly by the site. 

Consequently, all dependent variables also showed heterogeneity among the sites. Multivariable 

analyses with the site as a random effect variable revealed filament choice as an independent 

predictor of CBF drop after MCAo. Comorbidity, sex, use of LDF to monitor CBF, days after 

trial onset, and maintaining anesthesia throughout the MCAo emerged as independent predictors 

of time to MCAo. Total anesthesia duration was predicted by most independent variables. / We 

present with high granularity the heterogeneity introduced by the biological and model selections 

by the testing sites in the first trial of cerebroprotection in rodent transient filament MCAo 

by SPAN. Rather than trying to homogenize all variables across all sites, we embraced the 

heterogeneity to better approximate clinical trials. Awareness of the heterogeneity, its sources, 

and how it impacts the study performance may further improve the study design and statistical 

modeling for future multicenter preclinical trials.

INTRODUCTION

The translational failure of experimental acute stroke therapies from animal models to 

clinical trials has been widely recognized.1–6 While the causes of translational failure are 

still debated, independent and unbiased confirmation of exploratory discoveries in large 

samples across multiple laboratories has been a critical step missing in the traditional 

therapeutic development pipelines.7–9 The NIH-funded Stroke Preclinical Assessment 

Network (SPAN), a large, multicenter preclinical trial platform in a rodent model of transient 

focal cerebral ischemia, was conceived and launched to address this unmet need.10

The overarching aim of SPAN is to model a clinical trial in a preclinical network and 

determine whether cerebroprotective interventions given at the time of or shortly after 

reperfusion can further improve functional outcomes compared to reperfusion alone. Besides 

eliminating systematic bias with centralized random allocation and blinding, and the 

enrollment of unprecedented sample sizes nearly two orders of magnitude higher than most 

preclinical stroke studies to date,11–13 SPAN intends to simulate the degree of heterogeneity 

embodied in human trials in the hopes that an intervention robust enough to demonstrate 

efficacy in the context of heterogeneity would have a higher likelihood of showing benefit 

in human trials. Therefore, SPAN experimental protocols permitted several biological and 

experimental model variables to be varied by each site based on their preferences and 

prior experience. The ultimate consequences of such heterogeneity remain unknown in this 

first preclinical trial by SPAN, yet the large sample size allows for post hoc analyses of 

these decisions.10 Embracing the heterogeneity in biological and model variables could have 

far-reaching benefits on experimental performance and outcomes.14

We here aimed to present SPAN biological and model parameters with granularity and 

transparency, and statistically examine how such heterogeneity in biological and model 
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variables adopted by SPAN influenced the performance of the surgical middle cerebral 

artery occlusion (MCAo) procedure across different sites. We hope that these data and 

insight will help preclinical stroke researchers make informed decisions in their exploratory 

studies and guide future preclinical trial networks in stroke and other neurological and 

non-neurological diseases.

STUDY DESIGN AND METHODS

This manuscript adheres to the AHA Journals’ implementation of the Transparency and 

Openness Promotion (TOP) Guidelines. The data that support the findings of this study are 

available from the corresponding author upon reasonable request.

Study population

The SPAN is a randomized, controlled multicenter preclinical trial funded by the 

National Institutes of Neurological Disorders and Stroke (NINDS) to address critical rigor, 

transparency, and reproducibility issues in testing therapeutic cerebroprotective interventions 

in experimental focal cerebral ischemia.10 The trial included 4 stages. In Stage 1, only 

normal young (NY) animals were used. In Stages 2 and 3, aged mice (AG), mice with 

diet-induced obesity and hyperglycemia (DO), and spontaneously hypertensive rats were 

used, whereas stage 4 included only young healthy rats. Our study population included the 

modified intention to treat (mITT) population of male and female NY, AG and DO mice 

in the control cohort of SPAN (n=421). The mITT population was defined as subjects 

that received at least partial treatment with the planned intervention. Most mice were 

purchased from a vendor (n=397, 94%; C57B6), and only 24 (6%) were bred in-house, 

which was permitted by SPAN protocols. The vendors included The Jackson Lab (n=307, 

77%), National Institute on Aging (NIA, n=88, 22%) and Charles River Lab (n=2, 1%).

Experimental sites and animal housing

Six SPAN research laboratories (i.e., sites; Augusta University, Johns Hopkins University, 

Massachusetts General Hospital, University of Iowa, University of Texas Health Science 

Center, Yale University; labeled as sites 1–6 in random order) and a coordinating center (CC, 

University of Southern California), selected through competitive NIH peer review, designed 

and implemented an endovascular filament MCAo protocol. Subjects were enrolled weekly 

and labeled using MRI-compatible bar-coded ear tags (RapID Tag, San Francisco). Sites 

submitted an intention to treat (ITT) form to the SPAN Database (Research Electronic Data 

Capture; REDCap). Subjects were then randomized to one of 6 intervention arms or their 

controls, stratified by laboratory, comorbidity, and sex. All sites maintained the subjects in 

an animal facility with a 12h/12h light/dark cycle, although the lights-on time varied among 

the sites (see below). All procedures were approved by the local Institutional Animal Care 

and Use Committee (IACUC) and reported in accordance with the ARRIVE guidelines. Full 

details of the SPAN protocols have been published, published and all standard operating 

procedures (SOPs) are available on the SPAN website.10
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Experimental protocols and timeline

The first surgery day of the entire trial was considered day 0, and the dates of subsequent 

surgeries were expressed relative to day 0 (i.e., trial days 0–539). On the surgery day, the 

age and weight of the subjects were recorded. Subjects were anesthetized with isoflurane 

(4% induction, 2–2.5% maintenance in 70:30 N2O:O2), and body temperature was kept 

at 37±0.1°C. Bupivacaine (maximum 5 mg/kg) was injected subcutaneously along the 

anticipated ventral neck and scalp incision lines.

The decision to monitor the cerebral blood flow (CBF) during the MCAo procedure was left 

to the sites. Therefore, CBF was monitored during the MCAo procedure in only 298 subjects 

(71%) by placing a laser Doppler flow (LDF) probe on the skull over the MCA (1 mm 

posterior and 5 mm lateral to bregma). One site measured CBF before and after MCAo using 

full-field laser speckle flowmetry but did not use this information to guide their procedure; 

CBF data from this site was not included in the analyses because their measurement method 

was different, and the region of interest did not match the LDF location at other sites.

A silicone-coated filament (Doccol, MA) was inserted into the external carotid artery (ECA) 

and advanced through the internal cerebral artery (ICA) until MCAo. The filament choice 

was left to the sites. Across the trial, four filament silicone coating thicknesses were used 

(0.21, 0.22, 0.23, and 0.24 mm), and the silicone coating length was either 1–2, 2–3, or 4–6 

mm (Figure S1). If CBF was monitored, the time of MCAo onset was recorded as the time 

of CBF drop (local time of the day). In the absence of CBF monitoring, the time of MCAo 

was based on the surgeon’s judgment of successful filament placement. The circadian stage 

of the animal at the time of MCAo was recorded based on when lights were turned on 

at each site (0:00 zeitgeber time, ZT), either as inactive (0:00–12:00 ZT) or active (12:00–

24:00 ZT). The total procedure duration from the anesthesia induction to MCAo (i.e., time 

to MCAo) was calculated for each subject. Target MCAo duration was 60 minutes. During 

the occlusion period, sites had the option to keep the subjects under anesthesia or awaken 

them and then re-anesthetize at reperfusion time.

Each subject was pre-allocated by the CC to one of three control interventions to receive an 

intraperitoneal injection (IP; 0.2 ml of 0.9% NaCl solution 5 minutes before reperfusion), 

intravenous infusion (IV; 0.2 ml of reconstituted 0.9% NaCl solution over 20 minutes via the 

jugular vein starting 5 minutes before reperfusion), or sham remote ischemic conditioning 

(RIC; non-inflated pressure cuffs placed on the hindlimbs for 40 minutes starting after 

reperfusion under continued anesthesia). The total anesthesia duration for each subject was 

also calculated, which varied based on the assigned control intervention. Warm physiologic 

saline or Ringer’s lactate (1ml/100g subcutaneously) was administered at the end of the 

procedure to prevent dehydration. Post-MCAo care was per local IACUC regulations and 

sites’ preferences and included daily checks and weight measurements for the first two days. 

Figure 1 shows the experimental timeline. Stratified randomization was used to enroll males 

and females equally, and enrollment of a particular comorbid model was restricted to 2-week 

blocks assigned to the sites by the CC. All other variables were left to the sites to choose 

from based on their preferences.
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Statistical Analyses

All data were prospectively entered to the Research Electronic Data Capture platform 

(REDCap; https://www.project-redcap.org)15,16 by the experimenters. We captured 12 

independent variables for each subject determined prior to the MCAo procedure either by 

the CC or by the site (Figure 1, in red). Among these independent variables, biological 
variables included sex, age, weight, comorbidity (normal young, NY; diet-induced obese, 

DO; aged, AG), and circadian stage at the time of MCAo. Procedural variables included 

control intervention, endovascular filament silicone tip coating thickness and length, use 

of CBF monitoring to guide the MCAo procedure, maintaining animals under anesthesia 

until after reperfusion versus allowing them to awaken after the insertion of endovascular 

filament, the date on which MCAo surgery was performed, and time of MCAo surgery. In 

addition, we captured three observed (i.e., dependent) outcome variables, including time to 

MCAo, total anesthesia duration, and cerebral blood flow (CBF) drop during MCAo (Figure 

1, in blue).

All statistical analyses were performed using SAS Studio (Version 9.0401M6, SAS 

Institute Inc., North Carolina). After generating descriptive statistics, we examined bivariate 

associations among all variables using the χ2 test of association for two categorical 

variables, parametric tests such as general linear models (GLM) for a categorical vs. numeric 

variable or numeric vs. numeric variables, with a linear and quadratic term for the predictor 

variable to determine the best fit. Reported p values were adjusted for multiplicity by false 

discovery rate (FDR).

Given the high degree of covariance among many independent variables, we employed 

multivariable analyses for each dependent variable using a mixed model. The initial model 

included all independent variables as fixed-effect predictors and the site as a random 

variable. We then used stepwise backward elimination (cutoff p<0.05) to remove variables 

without significant relations after adjusting for other predictors. The p values in the final 

multivariate models were adjusted for multiplicity using stepdown Sidak.

RESULTS

Basic characteristics of the study population and the biological and procedural variables

A total of 436 mice were randomized to the control arms throughout the network. Only 

fifteen animals were excluded due to procedural failures before receiving the intended 

intervention. The remaining animals (n=421) formed the mITT population used for this 

study (Tables S2 and S3, Figure S2). Enrollment was relatively even across the sites (Table 

S2) and steady throughout the 539 days of the SPAN trial during which mice were enrolled 

(Figure S2), except for national holidays and two planned enrollment breaks during the 

trial for interim analyses. Stratified randomization ensured equal numbers of males and 

females (Table S2). Age showed a bimodal distribution given due to enrollment of a 

separate aged mouse cohort (range 2.0–18.6 months), whereas body weight (range 16.7–

57.5 grams) showed a relatively normal and wide distribution (Table S3, Figure S2). The 

control cohort was evenly split among IP vehicle, IV vehicle, and the sham intervention for 

remote ischemic conditioning (Table S2). Surgery was performed between 5:40 and 19:47 

Morais et al. Page 5

Stroke. Author manuscript; available in PMC 2024 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://www.project-redcap.org/


hours local time (Table S3, Figure S2). A third of the animals were maintained in reverse 

light-dark cycle rooms for at least two weeks prior to the MCAo procedure to reverse the 

circadian rhythm. Hence, one-quarter of the cohort had their MCAo procedure during their 

active (i.e., dark) circadian stage (Table S2, Figure S2). Three sites did not use LDF during 

MCAo to guide the procedure in a subset of their animals, amounting to 29% of the study 

cohort (Table S2). Only 21% of the animals were kept under anesthesia during 60-minute 

ischemia throughout the network (Table S2). Although the use of short (1–2 mm) versus 

long (4–6 mm) silicone length of the endovascular filament was relatively even (55% vs. 

38%), silicone thickness of 0.22 mm (50%) was favored over 0.21 and 0.23 mm across the 

network (Table S2). The observed (i.e., dependent) variables time to MCAo and anesthesia 

duration showed a normal distribution ranging from 7–50 and 11–160 minutes, respectively 

(Table S3, Figure S2). In contrast, CBF changes during the MCAo procedure showed a 

skewed distribution, with most animals showing at least a 70% reduction (Table S3, Figure 

S2). Altogether, these data showed that the network achieved a fair degree of biological and 

procedural heterogeneity.

Biological and procedural heterogeneity among study sites

Because investigators were allowed to vary many biological and procedural variables, the 

site covaried with most variables with the exception of sex, which was stratified during 

randomization, and control intervention, which was assigned randomly by the CC (Figures 

2 and 3, Table S4). Notable site heterogeneities included age, time of day MCAo was 

performed, choice of filament, keeping the animal under anesthesia during the occlusion 

period, CBF monitoring to guide the MCAo, and circadian stage of the animal at the time 

of MCAo. As a result, the time it takes to achieve MCAo after anesthesia onset (i.e., time 

to MCAo), total time subjects spent under anesthesia (i.e., anesthesia duration), and perhaps 

more importantly, the CBF drop after MCAo significantly varied among the sites (Figure 

2A).

Temporal trends in biological and procedural variables

Several biological and procedural variables were unevenly distributed throughout the course 

of the trial in part due to modifications made to the trial design by the steering committee 

and in part due to temporal tendencies (Figure S3). For example, the diet-induced obesity 

(DO) and aged (AG) animal models were adopted instead of normal young (NY) mice, the 

RIC control intervention arm was eliminated, and the practice of continuous anesthesia until 

the end of reperfusion was abandoned. As the trial progressed, the body weight and age 

distribution reflected the adoption of DO and AG models, which also prompted a change in 

filament choice across the sites. Lastly, CBF monitoring gained slight favor over time. These 

temporal trends further added to the biological and procedural heterogeneity in SPAN.

Covariance among the biological and procedural variables

Further bivariate analyses showed numerous associations among most other independent 

variables (Figures 4 and 5, Table S5). Male, AG and DO mice were significantly heavier, 

consistent with known growth curves (Figure 3A). Thicker filaments were preferred by 

the surgeons in heavier animals (Figure 3A), as recommended by the manufacturer and in 

the SPAN standard operating procedures, and therefore, more often used in males, older 
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animals, and DO mice (Figures 4B and 5A). Body weight and age covaried with each other 

(Figure 3C) as well as with the choice of maintaining the animals under anesthesia during 

MCAo (Figure 3A, B), likely reflecting the decision to simultaneously abandon the latter 

practice and adopt AG and DO during the later stages of the trial (Figure 4D). Control 

interventions were unevenly distributed among the comorbidity models because RIC was 

dropped after Stage 1 (Figure 4C). The filament length of 2–3 mm was only used in AG 

mice, whereas the other lengths were used relatively evenly in all three models (Figures 4B 

and 5B). The AG mice were less likely to have CBF monitoring during MCAo (Figures 4B 

and 5E). Filament thickness and length were also associated with the use of CBF monitoring 

to guide surgery, continuing anesthesia throughout MCAo, and the circadian stage at MCAo 

(Figure 4A, B). Time of MCAo during the day also covaried with many other variables 

(Figure 3D). These apparent associations likely reflected the site’s biological and procedural 

choices, as well as changes in the standard operating procedures in successive stages of the 

trial, which created strong covariance among the independent variables (Figure S4).

Multivariable analyses

We next sought to examine the effect of the heterogeneity in the independent variables on 

the dependent variables CBF reduction, surgery duration (i.e., time to MCAo), and total 

anesthesia duration. Strong covariances among the independent biological and procedural 

variables obligated us to develop a multivariable model for each dependent variable by 

including fixed predictors of sex, circadian stage, age, and weight at the time of MCAo, 

control intervention, endovascular filament silicone tip coating thickness and length, use of 

CBF monitoring using LDF signal drop to guide the MCAo procedure, and the number 

of days from the start of the trial at the time of MCAo. Two-way interactions among the 

comorbidity model, circadian stage, age, and weight at the time of MCAo were added 

as fixed effects. Quadratic terms of continuous numeric variables were also included. The 

site was introduced in the model as a random effect variable. After stepwise backward 

elimination of the least significant variables from the initial multivariate model until all 

remaining variables were significant, several independent predictors emerged for each 

dependent variable in the final model (Figure 5, Table 1, Table S6).

The use of thicker and longer filaments independently predicted more severe CBF drops 

during MCAO (Figure 5A, Table 1). The 0.23 mm filament thickness resulted in 12% and 

8% more CBF drop compared with 0.21 and 0.22 mm, respectively, whereas the 1–2 mm 

filament length resulted in 20% and 16% less CBF drop compared with the 2–3 and 4–6 

mm, respectively. No other variable independently predicted the CBF drop. The fixed effects 

of the initial and final multivariable models explained 29% and 18% of the variation in CBF 

drop, respectively, which increased to about 45% when the site was included (Table S6), 

suggesting a strong influence by other site-associated factors (e.g., surgeon).

Surgery time to MCAo was predicted by several variables (Figure 5B, Table 1), including 

sex and comorbidity. Males required 3 minutes longer surgery time than females to achieve 

MCAo, whereas comorbid animal models AG and DO increased the surgery time by about 

9 minutes compared with NY. The decision to use LDF to guide the MCAo added almost 

5 minutes, and the decision to keep the animals under anesthesia during MCAo added 8 
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minutes to surgery time until MCAo was achieved. In addition, surgery time to MCAo 

decreased as the trial progressed and was several minutes shorter between the beginning and 

the end of the trial. The fixed effects of the initial and final multivariate models explained 

approximately 37% and 16% of the variation in time to MCAO, which increased to more 

than 50% when the site was included (Table S6), once again suggesting a strong influence 

by the site.

The total duration of exposure to anesthesia had the highest number of predictors (Figure 

5C, Table 1). As expected, keeping the animals under anesthesia until reperfusion added 

51 minutes more anesthesia exposure. Interestingly, the use of 4–6 mm filament length 

independently predicted longer anesthesia exposure by 18–21 minutes. The decision to use 

LDF to monitor CBF added 5 minutes, and IV and RIC control interventions prolonged the 

anesthesia duration by 16 and 38 minutes, respectively, compared with IP, by the design of 

the experiment. Anesthesia duration was longer by about 3 minutes in females compared 

with males. The circadian stage appeared to have a modest effect as well; the active stage 

was associated with 5 minutes shorter anesthesia duration than the inactive stage. As with 

surgery duration, anesthesia duration slightly decreased as the trial progressed, and was 

several minutes shorter between the beginning and the end of the trial. The multivariate 

model explained more than 90% of the variation in anesthesia duration (Table S6).

DISCUSSION

The data presented here address several crucial issues that impact the pre-clinical assessment 

of putative treatments. We studied stroke, but our results inform the design of any pre-

clinical assessment of candidate interventions. While clinical trial design and performance 

have been debated and improved over decades,17,18 the concept of multi-center, centrally 

randomized, and blinded pre-clinical trials is relatively new, and design principles are not 

well established.12,13,19 Although it is generally agreed that preclinical trials should try 

to follow as closely as possible clinical trial methodology,20 it is unclear whether and 

how preclinical trials can simulate the heterogeneity present in clinical trials, such as 

age, comorbidities, and stroke severity at onset, as well as unavoidable variations in local 

clinical practice.21–23 Moreover, whether and how introducing this degree of heterogeneity 

in a preclinical trial might affect the performance and analyses is not known. Therefore, 

our primary aim in this manuscript was to lay bare the heterogeneity in the independent 

biological and procedural variables in the first SPAN trial, to allow the readers of future 

SPAN manuscripts put this heterogeneity in context.

Heterogeneity is a natural consequence of a multicenter preclinical trial network since 

it would be virtually impossible to achieve identical personnel, equipment, housing, and 

environmental factors in multiple laboratories. The SPAN investigators embraced further 

heterogeneity by allowing sites to vary several biological and model variables (Figure 1). 

As a result, the site (i.e., variable representing the 6 research laboratories) significantly 

predicted 9 out of 12 independent variables recorded in our study, and more than half of 

pairwise associations among all biological and model variables were statistically significant, 

underscoring the degree of covariance introduced by site heterogeneity (Figure S4). The 

latter obligated us to account for the contribution of the site as a random effect to 
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determine the independent effects of biological and model variables on the dependent model 

performance variables CBF drop, time to MCAo, and total anesthesia duration.

Our secondary aim was to run a preliminary analysis of how this heterogeneity might 

affect the technical performance of the stroke model. We chose the performance metrics 

CBF drop, time to MCAo, and total anesthesia duration as dependent outcome variables 

that were captured as part of the SPAN database of common data elements and have 

been reported to affect functional and morphological outcomes.24–26 Multivariable analyses, 

with site introduced as a random effect variable, revealed several independent predictors 

of these model performance metrics. For example, longer and thicker filaments led to a 

larger CBF drop as well, presumably due to more complete occlusions.27 Longer filaments 

are more likely to have occluded the posterior cerebral artery origin as well, eliminating 

the variability due to the presence or absence of a posterior communicating artery in the 

C57BL6 mouse strain28 used in SPAN.10 The a priori decision to monitor CBF by placing 

an LDF probe to guide the surgery naturally prolonged the procedure, increasing the time 

to MCAo and anesthesia duration. Comorbidities AG and DO further increased the time to 

MCAo, possibly reflecting a slow and deliberate approach by the surgeon in these valuable 

animal models. Conversely, both the surgery duration (i.e., time to MCAo) and anesthesia 

duration decreased as the trial went on, probably reflecting the surgeons’ improving facility 

with the procedure (i.e., learning curve). Further validating the multivariable model, the a 
priori decision to keep the animals under anesthesia until reperfusion, and the type of control 

intervention, strongly predicted total anesthesia duration, as expected by the study design. 

Although not our primary intent, these independent associations provided a deeper practical 

and procedural insight to help with future study designs.

Of course, the sources of heterogeneity in SPAN do not fully recapitulate those in 

clinical trials. Nevertheless, SPAN introduced the biological variables sex, age, weight, 

comorbidities, and circadian stage at MCAo, which (with the exception of sex) greatly 

differed among the sites (Figure 2, Table S4). Moreover, the use of various lengths and 

thicknesses of endovascular filaments among the sites (Table S4) might have introduced 

anatomical differences in infarct location and volume (e.g., longer filaments are more 

likely to compromise the posterior cerebral artery, leading to hippocampal and/or thalamic 

infarction). We might also argue that the differences among the sites (and even within 

a single site) in the time of the day that the MCAo was performed, and anesthesia 

during MCAo, could to some extent mimic the heterogeneity in clinical trials. Lastly, 

reperfusion success was not monitored or used as an inclusion criterion; therefore, a subset 

of animals might not have achieved successful recanalization, mimicking another source 

of heterogeneity in clinical trials. Besides these biological sources of heterogeneity, we do 

believe the heterogeneity in local resources and practices (i.e., performance variability) also 

contributes to the heterogeneity in clinical trials, as previously reported [ref]. Therefore, 

we believe the sources of heterogeneity in SPAN reasonably approximated those in clinical 

trials. Importantly, heterogeneity introduced in SPAN was not entirely intentional. In fact, 

it would be virtually impossible to standardize every possible variable (e.g., surgeons, 

equipment, environment) that might influence the outcomes.
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It is also important to note that whether such heterogeneity in a preclinical trial indeed 

improves its translational predictive value is not yet known. The question of whether a 

trial platform should standardize all technical and procedural variables, as opposed to 

allowing the sites to choose what they are most comfortable with, is up for debate and 

will be so until a good number of such trials adopt one or the other approach and their 

translational predictive value are compared. However, given the relatively low sensitivity 

of clinical outcome assessment tools, it is likely that large effect sizes (e.g., endovascular 

therapy)29,30 are needed to overcome the inherent noise in clinical trials, and that any 

experimental therapy with a smaller effect size will not succeed even if preclinical data 

from a single site are promising. Indeed, strong standardization in preclinical studies may 

underlie poor reproducibility in a multicenter network.31,32 The efficacy of an intervention 

should not depend on the standard operating procedures of the platform they were tested 

in. An intervention that only works in one testing platform and fails in another would be 

considered less robust. If the treatment effects are real, they should be reproducible by other 

multi-center consortia, regardless of the magnitude and sources of heterogeneity, obviating 

the need for strict standardization.

Therefore, embracing biological and methodological heterogeneity might better mimic 

clinical trials and improve the predictive value of preclinical testing.7,31,33 This has been 

convincingly demonstrated in simulations using data from single or multiple laboratory 

studies, which suggested that highly standardized single laboratory studies led to poor 

reproducibility and predictive value and that introducing heterogeneity in study samples 

improved reproducibility.34 However, until SPAN, this focus on heterogeneity has not 

been put into practice. SPAN trial included biological (e.g., sex, age, comorbidities) 

and procedural (e.g., filament characteristics, anesthesia, CBF monitoring) heterogeneity. 

Allowing biological and procedural heterogeneity in a pre-clinical trial requires large sample 

sizes, which can only be accomplished in a multicenter network such as SPAN33 and 

Multi-PART.13

In summary, this is the first detailed report on the predicted as well as unintended biological 

and model heterogeneity in the filament MCAo model and their impact on performance 

metrics in a multicenter preclinical trial of cerebroprotection in ischemic stroke. Our data 

suggest that the heterogeneity in the SPAN stems mainly from biological and model 

variations by the testing sites and must be accounted for in statistical models designed 

for therapeutic testing.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CBF cerebral blood flow

CC coordinating center
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Figure 1. Study variables and timeline.
The timeline shows the independent (red) and dependent (blue) variables in relation to the 

experimental protocol. Two independent variables were assigned by the CC for each subject, 

while the rest were left to each site’s preference. Time to MCAo was calculated from 

anesthesia onset to onset of MCAo. Total anesthesia duration (gray shaded areas) included 

the duration of surgery, the duration of MCAo (60 minutes) in animals maintained under 

anesthesia until reperfusion, the reperfusion procedure, and the time required to administer 

the centrally allocated control intervention (IP, intraperitoneal vehicle; IV, intravenous 

vehicle; RIC, sham remote ischemic conditioning).
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Figure 2. Heterogeneity of numerical and categorical variables across sites.
A: Whisker-box plots highlight the heterogeneity among the study sites. All numerical 

variables significantly varied among the six sites, except for weight at the time of MCAo 

(one-way ANOVA). Circles indicate data points outside the 1.5x interquartile range (IQR). 

All p-values are adjusted by FDR. B: Mosaic plots show the distribution of categorical 

variables among the study sites. All categorical variables significantly varied among the six 

sites, except for sex and control intervention type (χ2). All p-values are adjusted by FDR. 

a, 0.24 mm; b, missing value; AG, aged mice; DO, diet-induced obese mice; F, female; IP, 

intraperitoneal vehicle; IV, intravenous vehicle; M, male; N, no; NY, normal young mice; 

RIC, sham remote ischemic conditioning; Y, yes.
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Figure 3. Bivariate associations of numerical independent variables.
Whisker-box and scatter plots show statistically significant associations (i.e., covariance) 

of independent variables with weight (A), age (B and C), and time of day at MCAo (D), 

analyzed using t-test, one-way ANOVA, or general linear model. Circles in the box-whisker 

plots indicate data points outside the 1.5x interquartile range (IQR). All p-values are 

adjusted by FDR. A, active; AG, aged mice; DO, diet-induced obese mice; F, female; I, 

inactive; M, male; N, no; NY, normal young mice; Y, yes.
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Figure 4. Bivariate associations of categorical independent variables.
Mosaic plots show statistically significant associations (i.e., covariance) among categorical 

independent variables analyzed using χ2. Detailed data are shown in Table S5. All p-values 

are adjusted by FDR. AG, aged mice; DO, diet-induced obese mice; NY, normal young mice
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Figure 5. Predictors of dependent variables CBF drop, time to MCAO, and total anesthesia 
duration.
Independent predictors of CBF drop (A), time to MCAo (B), and total anesthesia duration 

(C) in multivariable models after stepwise backward elimination are shown (see Table 1 

and Table S6 for details). Effect plots display the behavior of the predicted fitted model 

while holding other covariates fixed. Plots show predicted effects with 95% confidence 

intervals (shaded area). When a variable is not represented in the plot, it is fixed at the 

mean or mode of the entire cohort. When more than one independent variable is represented 

on a graph, their p-values are shown next to the variable they belong to. All p-values are 

adjusted for multiple comparisons by stepdown Sidak. F, female; IP, intraperitoneal vehicle; 

IV, intravenous vehicle; M, male; N, no; RIC, sham remote ischemic conditioning; Y, yes.
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Table 1.

Effect sizes in the final multivariable model

Estimate SE Lower 95% CI Upper 95% CI DF t Sig

CBF drop (%)

Fil thickness (mm)

0.21 vs. 0.22 −3.8 3.7 −11.1 3.5 289 −1.0 n.s

0.21 vs. 0.23 −12.2 3.7 −19.5 −4.9 289 −3.3 **

0.22 vs. 0.23 −8.4 2.7 −13.7 −3.1 289 −3.1 **

Fil length (mm)

1 to 2 vs. 2 to 3 −19.6 4.5 −28.5 −10.8 289 −4.4 ****

1 to 2 vs. 4 to 6 −15.9 12.2 −40.0 8.1 289 −1.3 n.s.

2 to 3 vs. 4 to 6 3.7 12.8 −21.5 28.9 289 0.3 n.s.

Time to MCAO (min)

Sex F vs. M −2.78 0.82 −4.38 −1.17 405 −3.40 ***

Comorbidity model

NY vs. DO −9.07 1.87 −12.76 −5.39 405 −4.84 ****

NY vs. AG −8.98 1.87 −12.67 −5.30 405 −4.80 ****

DO vs. AG 0.091 0.89 −1.66 1.84 405 0.10 n.s.

CBF monitoring No vs. Yes −4.60 1.04 −6.64 −2.57 405 −4.44 ****

Anesthesia during MCAO No vs. Yes −8.03 1.2 −10.43 −5.64 405 −6.59 ****

Trial days
† (Δmin/day) −0.02 0.01 −0.02 −0.006 405 −3.33 ***

Anesthesia duration (min)

Anesthesia during MCAO No vs. Yes −51.29 2.13 −55.49 −47.09 342 −24.03 ****

Fil length (mm)

1 to 2 vs. 2 to 3 3.68 3.15 −2.51 9.87 342 1.17 n.s.

1 to 2 vs. 4 to 6 21.20 1.34 18.57 23.83 342 15.86 ****

2 to 3 vs. 4 to 6 17.52 3.26 11.12 23.93 342 5.38 ****

CBF monitoring No vs. Yes −5.49 1.41 −8.26 −2.73 342 −3.91 ***

Control Intervention

IP vs. IV Control −15.56 1.21 −17.95 −13.18 342 12.84 ****

IP vs. RIC Control −38.39 1.54 −41.41 −35.37 342 −25.00 ****

IV vs. RIC Sham −22.83 1.56 −25.89 −19.77 342 −14.66 ****

Sex F vs. M −2.62 1.04 −4.67 −0.57 342 −2.51 *

Circadian stage Active vs. Inactive −5.45 1.94 −9.26 −1.64 342 −2.81 **

Trial days
† (Δmin/day) −0.021 0.01 −0.035 −0.01 342 −2.84 **

Estimates are the partial unstandardized regression coefficient for each given numeric predictor (†), or the unstandardized covariate-adjusted mean 
difference between the indicated categories for the categorical predictors.

*
p < 0.05

**
p < 0.01

***
p < 0.001

****
p <0.0001

n.s., nonsignificant. F, female; M, male; AG, Aged; DO, diet-induced obesity; NY, normal young; IP, intraperitoneal; IV, intravenous; RIC, remote 
ischemic conditioning; CBF, cerebral blood flow.

Stroke. Author manuscript; available in PMC 2024 February 01.


	Abstract
	INTRODUCTION
	STUDY DESIGN AND METHODS
	Study population
	Experimental sites and animal housing
	Experimental protocols and timeline
	Statistical Analyses

	RESULTS
	Basic characteristics of the study population and the biological and procedural variables
	Biological and procedural heterogeneity among study sites
	Temporal trends in biological and procedural variables
	Covariance among the biological and procedural variables
	Multivariable analyses

	DISCUSSION
	SPAN Investigators
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.

