Claire Fougerou-Leurent 
  
Bruno Laviolle 
  
Christelle Tual 
  
Valérie Visseiche 
  
Aurélie Veislinger 
  
Hélène Danjou 
  
Amélie Martin 
  
Valérie Turmel 
  
Alain Renault 
  
Eric Bellissant 
  
  
Impact of a targeted monitoring on data-quality and data-management workload of randomized controlled trials: a prospective comparative study

Keywords: data management, randomized clinical trial, risk-based monitoring, source data verification, targeted monitoring, Table count: 3, Figure count: 2

words) Aims

Monitoring risk-based approaches in clinical trials are encouraged by regulatory guidance.

However, the impact of a targeted source data verification (SDV) on data-management (DM) workload and on final data quality needs to be addressed.

Methods

MONITORING was a prospective study aiming at comparing full SDV (100% of data verified for all patients) and targeted SDV (only key data verified for all patients) followed by the same DM program (detecting missing data and checking consistency) on final data quality, global workload and staffing costs.

 The implementation of targeted source data verification monitoring is counterbalanced by an increased workload for data management, which allows to maintain a small proportion of remaining errors on key data (<1%), but may substantially increase trial costs.

Results

In all, 137,008 data including 18,124 key data were collected for 126 patients from six clinical trials. Compared to the final database obtained using the full SDV monitoring process, the final database obtained using the targeted SDV monitoring process had a residual error rate of 1.47% [95% confidence interval, 1.41% to 1.53%] on overall data and 0.78% [95% confidence interval, 0.65% to 0.91%] on key data. There were nearly four times more queries per study with targeted SDV than with full SDV (mean±SD: 132±101 vs 34±26; p=0.03). For a handling time of 15 min per query, the global workload of the targeted SDV monitoring strategy remained below that of the full SDV monitoring strategy. From 25 minutes per query, it was above increasing progressively to represent a 50% increase for 45 minutes per query.

Conclusion

Targeted SDV monitoring is accompanied by increased workload for DM, which allows to obtain a small proportion of remaining errors on key data (<1%), but may substantially increase trial costs.

What is already known about this subject?  The cost-benefit ratio of monitoring clinical trials is being questioned and risk-based approaches are encouraged by regulatory guidance.

 Assessment of the usefulness and cost-effectiveness of monitoring techniques in a variety of clinical trial settings and indications is still needed.

 Data quality requires highly reliable sequencing from data entry to data analysis and the interaction between source data verification and data management is of crucial importance.

What this study adds ?

 Two monitoring strategies (full and targeted source data verification) including the data management component were prospectively compared to assess their costeffectiveness in terms of data management workload, staffing costs and data quality.

INTRODUCTION

Data quality and reliability are of crucial importance in clinical trials as results of these trials are part of the evidence-based medicine on which medical practices rely. The development of high quality clinical research implies the establishment of a quality assurance and control system that is under the responsibility of the study sponsor. As part of this system, monitoring is defined as the act of overseeing the progress of a clinical trial, and of ensuring that it is conducted, recorded, and reported in accordance with the protocol, Standard Operating Procedures (SOP), Good Clinical Practice (GCP), and applicable regulatory requirements [START_REF]International council for Harmonisation of Technical Requirements for Pharmaceuticals for human Use (ICH). Integrated Addendum to ICH E6 (R1): Guideline for Good clinical Practice E6(R2)[END_REF]. GCP guidelines define data monitoring as verifying that "i) the rights and well-being of human subjects are protected, ii) the reported trial data are accurate, complete, and verifiable from source documents, iii) the conduct of the trial is in compliance with the currently approved protocol/amendment(s), with good clinical practices, and with the applicable regulatory requirement(s)." Among monitoring activities, on-site data audits are conducted to verify that the trial data are accurate, complete, and verifiable from source documents. Source data verification (SDV) is the process of comparing source data documents (medical records for example) to data recorded or entered in a case report form (CRF), electronic record or database [START_REF] Houston | Measuring Data Quality Through a Source Data Verification Audit in a Clinical Research Setting[END_REF]. Comprehensive or full SDV (verification of 100% of data for 100% of patients) has long been the gold standard in the pharmaceutical industry [START_REF] Funning | Quality assurance within the scope of Good Clinical Practice (GCP)-what is the cost of GCP-related activities? A survey within the Swedish Association of the Pharmaceutical Industry (LIF)'s members[END_REF][START_REF] Smith | The value of source data verification in a cancer clinical trial[END_REF]. However, considering the exponential rise in clinical research costs (SDV has been estimated to account for approximately 25% of overall clinical trial costs [START_REF] Funning | Quality assurance within the scope of Good Clinical Practice (GCP)-what is the cost of GCP-related activities? A survey within the Swedish Association of the Pharmaceutical Industry (LIF)'s members[END_REF]) and the undemonstrated impact of full SDV on data quality [START_REF] Smith | The value of source data verification in a cancer clinical trial[END_REF][START_REF] Morrison | Monitoring the quality of conduct of clinical trials: a survey of current practices[END_REF][START_REF] Andersen | Impact of source data verification on data quality in clinical trials: an empirical post hoc analysis of three phase 3 randomized clinical trials[END_REF][START_REF] Sheetz | Evaluating Source Data Verification as a Quality Control Measure in Clinical Trials[END_REF][START_REF] Tantsyura | Risk-Based Monitoring: A Closer Statistical Look at Source Document Verification, Queries, Study Size Effects, and Data Quality[END_REF], the question of implementing a reduced or a targeted SDV and its cost/benefit ratio has emerged [START_REF] Yusuf | Sensible guidelines for the conduct of large randomized trials[END_REF][START_REF] Sertkaya | Key cost drivers of pharmaceutical clinical trials in the United States[END_REF][START_REF] Eisenstein | Sensible approaches for reducing clinical trial costs[END_REF][START_REF] Duley | Specific barriers to the conduct of randomized trials[END_REF]. Since the beginning of the decade, regulatory agencies have suggested that sponsors should adapt the nature and extent of the monitoring to a risk-based approach [START_REF]Guidance for Industry Oversight of Clinical Investigations -A Risk-Based Approach to Monitoring[END_REF][START_REF]Reflection paper on risk-based quality management in clinical trials[END_REF][START_REF][END_REF] and nowadays, there is a growing consensus that a monitoring focused on the most critical data elements and processes necessary to achieve study objectives is more interesting than routine visits to all clinical sites and 100% data verification to ensure overall study quality [START_REF] Hurley | Risk based monitoring (RBM) tools for clinical trials: A systematic review[END_REF][START_REF] Brosteanu | Risk analysis and risk adapted on-site monitoring in noncommercial clinical trials[END_REF]. However, the impact of this approach on data quality needs to be evaluated. A wide range of alternative monitoring methods have been described in the literature [START_REF] Hurley | Risk based monitoring (RBM) tools for clinical trials: A systematic review[END_REF][START_REF] Olsen | The impact of clinical trial monitoring approaches on data integrity and cost--a review of current literature[END_REF][START_REF] Houston | Assessing data quality and the variability of source data verification auditing methods in clinical research settings[END_REF][START_REF] Houston | Exploring Data Quality Management within Clinical Trials[END_REF][START_REF] Califf | Developing systems for cost-effective auditing of clinical trials[END_REF][START_REF] Macefield | A systematic review of on-site monitoring methods for health-care randomised controlled trials[END_REF][START_REF] Bakobaki | A systematic search for reports of site monitoring technique comparisons in clinical trials[END_REF] but the publications mainly assessed the impact on data quality retrospectively, and none of them evaluated the impact of these alternative monitoring strategies on global workload and clinical trials costs. Moreover, the place of centralized data-management (DM), which consists in detecting missing data and protocol deviations and controlling data consistency on the electronic database after SDV, has not been questioned in these new settings.

Our belief is that data quality requires highly reliable sequencing from data entry or data capture to data analysis and that the interaction between SDV and DM is of crucial importance. A full SDV guarantees a coherent data set and therefore an easier and faster DM.

Conversely, a targeted SDV could transfer some workload to the DM step with an increased number of requests for data modification (queries) to the investigators. In this context, the aim of our study was to prospectively compare two monitoring strategies (full and targeted SDV) including the DM component and to assess their cost-effectiveness in terms of DM workload, staffing costs and data quality.

METHODS

Study objectives

The MONITORING study aimed at comparing the impact of two different data monitoring approaches on data quality: a full SDV (100% of data verified for all patients) traditionally used in our institution as a gold standard, and a targeted SDV (only key data verified for all patients). The primary endpoint was the error rate in the final dataset prepared using the targeted SDV monitoring process, on total data and on key data. Secondary objectives were to assess the possible impact of targeted SDV on the DM workload and the staffing cost of the trial. Secondary endpoints were the number of discrepancies between the datasets prepared using the two monitoring strategies at each step, the number of queries issued with each strategy and the time spent on SDV and DM with each strategy.

Study design

We used a prospective design, the two monitoring approaches being implemented simultaneously and independently on six clinical trials (for detailed description of the clinical trials, see supplementary data in SupplFile 1). These trials were randomly selected among the 18 ongoing studies managed by our unit with a principle investigator from the Rennes University Hospital. We selected patients included in Rennes, for whom the data monitoring had not started. The regulatory and/or scientific key data verified by the targeted SDV were: informed consent, inclusion and exclusion criteria, main prognostic variables at inclusion (chosen with the principal investigator), primary endpoint and Serious Adverse Events (SAE).

As this study was not performed on human subjects, no ethics committee approval nor subject consent was applicable.

Data collection and data-management

The procedures for data collection and management are presented in Figure 1. For each clinical trial, when a paper CRF was completed, the data from that CRF was captured in a first database named Araw, providing the original raw data. Then, a copy of the CRF was made before any intervention by a clinical research associate (CRA). The two monitoring strategies were then implemented in parallel by two experienced CRA on the original CRF and on its copy, in an independent manner. SDV was implemented on-site, comparing source data with data entered in the CRF, according to the monitoring strategy: 100% of data for full SDV and only key data for targeted SDV. Corrections stemming from the full SDV were implemented on the original CRF and the data of that CRF were afterwards captured in a second database named Afull. Corrections stemming from the targeted SDV were implemented on the copy CRF and the data of that CRF were afterwards captured in a third database named Atarget. All data were manually entered in all databases using double data entry: two different operators entered the data independently and the two resulting databases were compared to identify discrepancies, which were corrected using the CRF.

The same DM program (missing data, consistency, protocol deviations) was subsequently implemented in each strategy by central DM staff. In case of need, a request for data modification (query) was sent to clinical study coordinators. All queries (missing data, discrepancies) were issued and answered, in accordance with our SOP. The corrections stemmed from the queries issued from DM on the Afull database were implemented, providing the Bfull database. The corrections stemmed from the queries issued from DM on the Atarget database were implemented, providing the Btarget database. The Bfull and Btarget databases form constituted the final databases after each monitoring strategy was completed.

The comparison between the databases was realized with a SAS® procedure (comparing each variable of a first database to the same variable of the second database, for each patient), and enabled identification of discrepancies. The SAE were analyzed separately. When a SAE occurred in a clinical trial, it was declared in the CRF on the AE form and qualified as Serious on this form and on a specific SAE form with complementary information.

For the purpose of our study, each SAE declared with the full monitoring strategy was looked for in the targeted monitoring database. In case of discrepancy on the presence or qualification of an AE (present or qualified as serious in the full monitoring database and not in the targeted monitoring database), it was considered as an error on a key-data for the targeted monitoring strategy.

Workload and cost evaluation

The time spent on conducting SDV for each CRF was recorded in real-time by each CRA for both strategies. The recorded time only included the time spent on on-site CRF data verification from original source documents and not other aspects of monitoring (travel time, CRF corrections etc.). To evaluate the additional workload of the DM, we only considered the time spent on queries, estimating that other DM procedures were approximately the same (documentation, database construction, data checking programming). A query was estimated to take 20 minutes to handle for a data-manager (data checking, drafting, issue, transfer to investigator and double data entry of the answer) and 10 minutes for the clinical study coordinator (analysis of the patient medical file, writing of the answer, transfer to the datamanager). A sensitivity analysis was performed using three hypotheses for each procedure (10, 20 and 30 minutes per query for the data-manager and five, 10 and 15 minutes per query for the clinical study coordinator) and by crossing them, therefore obtaining seven hypotheses (from 15 to 45 minutes per query). These seven hypotheses (3 below and 3 above the initial 30 minutes per query hypothesis) were applied to the number of queries obtained with each monitoring strategy for each clinical trial and the total time spent both on SDV and queries handling was determined. For the cost analysis, we estimated the costs for a CRA, a datamanager and a clinical study coordinator to be 33, 30.50 and 30.50 euros/hour, respectively, in accordance with our institution's scale.

Statistics

Considering the inclusion rates of the different studies, we planned to include 150 patients over one year. The final full SDV database was considered as fully accurate and was used as the control to estimate the error rate for the targeted SDV with its 95% confidence interval.

Consequently, an error was defined as a data value in the Btarget database different from the corresponding data value in the Bfull database. Quantitative variables were expressed as mean±𝑆𝐷 and compared between the two monitoring strategies using a paired-t test.

Qualitative variables were expressed as numbers (percentages) and compared using a Mac Nemar test for paired variables. Analyses were performed using SAS® statistical software (SAS Institute, Cary, NC, USA).

RESULTS

In all, 137,008 data including 18,124 key data were collected for 126 patients from six clinical trials. The main characteristics of the six prospective clinical trials included in our study are presented in Table 1. The mean percentage of key data per study was 13.2%, 95% confidence interval (CI) [13.1%; 13.4%], amounting to a mean of 144 key data per patient.

Efficacy

The numbers of corrections at each step for the two monitoring strategies are presented in The number of queries issued with each monitoring strategy is presented in Table 3. Overall, the number of queries was about four times larger with the targeted SDV (793) than with the full SDV (206), with a mean±SD of 132±101 and 34±26 queries per study respectively (p=0.03). For queries related to key data, there was no statistical difference between targeted SDV and full SDV (13±16 versus 5±6; p=0.15). In addition, as compared to full SDV, targeted SDV entailed a larger proportion of patients for whom at least one query was issued (respectively 59%, 95% CI [49%; 67%] and 92%, 95% CI [86%; 96%] of patients). For four studies (#1, #3, #4 and #6), targeted SDV led to queries being issued for 100% of the patients whereas full SDV led to queries being issued for 53% to 64% of the patients in these studies, reflecting an increased workload for data managers and clinical study coordinators in the case of targeted SDV.

Workload and cost analysis

Across the six studies, 140 hours were devoted by the CRA to the targeted SDV versus 317 hours for the full SDV, with a mean±SD of 23±15 and 53±24 hours per study respectively (p=0.001). Targeted SDV generated 587 additional queries across studies, with great heterogeneity (from five queries for study #2 to 226 for study #1), amounting to fewer than one (0.3) to more than eight additional queries per patient, depending on the study. In terms of time spent on these queries, with an estimation of 30 minutes for handling a single query (DM and clinical study coordinator), the targeted SDV-related additional queries amounted 294 hours of extra time spent (mean of 2.4±1.7 hours per patient). The sensitivity analysis is presented in Figure 2. For a handling time of 15 to 20 minutes per query, the time saved on the targeted SDV is almost totally offset by the increase of the number of queries. From a handling time of at least 25 minutes per query, the targeted monitoring strategy increases the global workload (up to 50% with the 45 minutes hypothesis).

Translation into costs shows that, on the whole, the targeted SDV strategy provided a 5,841 euros saving on monitoring on the one hand, and an additional 8,922 euros linked to the queries on the other, finally totaling an extra cost of 3,081 euros. The sensitivity analysis applied to costs showed that the differential cost per patient varies from -16±16 to 57±64 euros, when the time spent on a query ranges from 15 to 45 minutes.

DISCUSSION

To our knowledge, our study is the first to propose a prospective, parallel comparison of two monitoring strategies taking into account the impact on data management and trial costs. Our results show final error rates with targeted SDV of 1.5% and 0.8% for overall and key data respectively, compared to full SDV, considered in our study as the "gold-standard". The rate of incorrect data in our study (4.7% of data modified with full SDV monitoring strategy) seems satisfying regarding the literature. Few publications have assessed the rate of sourceto-database discrepancies, showing a great heterogeneity [START_REF] Houston | Measuring Data Quality Through a Source Data Verification Audit in a Clinical Research Setting[END_REF][START_REF] Mealer | Remote source document verification in two national clinical trials networks: a pilot study[END_REF][START_REF] Duda | Measuring the quality of observational study data in an international HIV research network[END_REF][START_REF] Favalli | Quality control in multicentric clinical trials. An experience of the EORTC Gynecological Cancer Cooperative Group[END_REF][START_REF] Vantongelen | Quality control of validity of data collected in clinical trials. EORTC Study Group on Data Management (SGDM)[END_REF], and authors point out the importance of on-site data audits to identify data quality and integrity issues. Surprisingly, our results suggest that targeted SDV generates fewer corrections on key data than full SDV; these corrections are however recovered by the DM step. In addition, beyond the key data that it was supposed to be focused on, targeted SDV generated a large number of non-key data corrections. This could be explained by the SDV method, which consists in analyzing the medical file to check the CRF data. If the CRA spotted a false or missing nonkey data when checking a key data, he/she may have corrected the non-key data in the CRF.

We suppose that this reflects a pragmatic and ethical SDV method used by our CRA. This bias may have led to underestimate the difference between the two monitoring strategies.

Beyond this, the initial hypothesis of presuming the error rate to be zero with full SDV needs to be questioned. In a recent study [START_REF] Andersen | Impact of source data verification on data quality in clinical trials: an empirical post hoc analysis of three phase 3 randomized clinical trials[END_REF], Andersen and colleagues investigated the remaining errors after data base lock, by implementing a post hoc full SDV on the data of 2,556 subjects included in 3 clinical trials, previously monitored with a combination of complete and partial

SDV. An overall error rate of 0.45% was found. Regarding the level of monitoring, complete and partial SDV respectively yielded error rates of 0.3% and 0.5%. These results suggest that a 0% error rate cannot be achieved whatever the intensity of the monitoring performed.

Two SAE were not detected with the targeted SDV: one was not considered serious (leucopenia) and was only reported as an AE, the other one was not reported (liver failure).

This should be considered in the light of our study procedure. Indeed, the CRA performing the full SDV reviewed the AE together with the investigator which sometimes led to additional reporting. In order not to double the workload for investigators, the CRA performing the targeted SDV did not have access to the investigators, possibly introducing a bias in the monitoring of safety. Of course, in real-life targeted SDV, this bias would disappear.

The most important factor remains however the expected impact of the monitoring strategy on the quality of data susceptible of modifying the trial's benefit/risk ratio. Concerning the errors remaining for the primary outcome in study #4, we can specify that the outcome was a composite set of events defined as clinical complications following a liver transplantation, evaluated at each visit. We can assume, as for the monitoring of safety, that access to the investigators would have reduced the number of remaining errors in this particular case.

However, we can underline that these errors did not impact the global assessment of the outcome. It is however interesting to note that the study concerned was the one with the largest number of key data per patient (424 key data), versus a mean of 110±29 key data per patient in the other five studies. Smith et al. [START_REF] Smith | The value of source data verification in a cancer clinical trial[END_REF] performed a retrospective comparison of a full SDV against corresponding unverified data for 533 subjects participating in a phase III clinical trial. Data discrepancies were identified for the majority of variables examined with discrepancy rates varying from 0.6 to 9.9%. These discrepancies, however, had a negligible impact on the primary outcome and on the clinical conclusions of the trial. In line with Andersen et al. [START_REF] Andersen | Impact of source data verification on data quality in clinical trials: an empirical post hoc analysis of three phase 3 randomized clinical trials[END_REF], they also highlighted that a full SDV did not provide error-free data.queries increasing by about four when a targeted SDV was implemented, but with marked heterogeneity across studies and the number of patients with at least one query 30% greater. This result was consistent with the database analysis which showed that DM generated four times more corrections after targeted SDV than after full SDV. We can also hypothesize that the queries stemming from targeted monitoring were more varied as less data were corrected with the targeted SDV and therefore queries concerned more variables than in the full monitoring strategy. Another interesting point was the cost analysis, which confirmed that the cost of data quality assurance is linked to both monitoring and DM, and that lowering monitoring requirements increases the DM workload. We showed that, provided our assumption of the cost of a query is reliable, the differential cost per patient could reach more than 100 euros, which is consistent with Pronker's assumptions in an evidence-based study on clinical data-management cost [START_REF] Pronker | Improving the quality of drug research or simply increasing its cost? An evidence-based study of the cost for data monitoring in clinical trials[END_REF]. Beyond the financial analysis, we need to consider the typology of the data corrected with SDV and with DM. A full SDV vouches for accuracy of data and exhaustiveness of adverse event reporting, which cannot be guaranteed with DM, provided the reported data is credible and consistent. We believe that the sponsor should check early on that the data is being correctly reported and should intervene with the investigating team to correct any bias: this will be in favor of better data quality and better trial implementation. The large use of electronic data capture nowadays allows centralized monitoring capabilities which could help target on-site monitoring activities. In the TEMPER study, Stenning et al [START_REF] Stenning | Triggered or routine site monitoring visits for randomised controlled trials: results of TEMPER, a prospective, matched-pair study[END_REF] assessed the value of triggered monitoring in distinguishing sites with important protocol or GCP compliance issues not identified centrally. Using a prospective, matched-pair design, investigating sites that had been prioritized for visits after having activated 'triggers' (such as rate of data queries, number of protocol deviations, SAE rate) were matched with a control 'untriggered' site, which would not usually have been visited at that time. The results have shown that triggered monitoring was not sufficiently discriminatory as the rate of Major and Critical on-site findings were not different between the two groups. In the same idea, in the ongoing START Monitoring sub-study [START_REF] Hullsiek | INVESTIGATING THE EFFICACY OF CLINICAL TRIAL MONITORING STRATEGIES: Design and Implementation of the Cluster Randomized START Monitoring Substudy[END_REF], investigating sites were randomized to receive or not annual onsite monitoring, additionally to the central monitoring and local monitoring plan.

In their last update of the Guideline for Good Clinical Practice E6(R2) [START_REF]International council for Harmonisation of Technical Requirements for Pharmaceuticals for human Use (ICH). Integrated Addendum to ICH E6 (R1): Guideline for Good clinical Practice E6(R2)[END_REF], the ICH state that the "the sponsor should develop a systematic, prioritized, risk-based approach to monitoring clinical trials. […] The sponsor may choose on-site monitoring, a combination of on-site and centralized monitoring, or, where justified, centralized monitoring". To date, only a few tools for implementing risk-based monitoring of clinical trials have been described [START_REF] Hurley | Risk based monitoring (RBM) tools for clinical trials: A systematic review[END_REF][START_REF] Hullsiek | INVESTIGATING THE EFFICACY OF CLINICAL TRIAL MONITORING STRATEGIES: Design and Implementation of the Cluster Randomized START Monitoring Substudy[END_REF][START_REF] Journot | Validation of a risk-assessment scale and a risk-adapted monitoring plan for academic clinical research studies--the Pre-Optimon study[END_REF], most of them combining on-site and centralized monitoring. Among them, risk-assessment tools were used within the French OPTIMON (for OPTImization of MONitoring -NCT00780091) trial [START_REF]Optimisation of Monitoring for Clinical Research Studies -Full Text View -ClinicalTrials[END_REF] and the ADAMON (for ADApted MONitoring) projects. These two prospective, comparative, cluster-randomized trials both compared the efficacy of a riskbased monitoring strategy with a classic intensive monitoring approach. While the results of the OPTIMON study are awaited, the recently published results of the ADAMON study [START_REF] Brosteanu | Risk-adapted monitoring is not inferior to extensive on-site monitoring: Results of the ADAMON cluster-randomised study[END_REF] showed that risk-adapted monitoring is non-inferior to extensive on-site monitoring on the number of audit findings, either overall or in specific error domains. This study also showed that the average number of monitoring visits and time spent on-site were 2.1 and 2.7 times greater, respectively, in extensive on-site monitoring than in risk-adapted monitoring. However, ADAMON was not designed to investigate the overall impact of the monitoring strategy on the reliability of the results. From our point of view, the impact of these strategies on DM requires further evaluation. We believe that this would provide valuable information in designing a global strategy of quality control in clinical trials.

Limitations

In our study, the time spent on SDV was recorded on site by CRA and only based on the time spent on CRF data verification from original source documents. The other aspects of monitoring such as travel time, corrections with investigators etc. were not recorded. This could have led to underestimate the difference between the time spent on full SDV and the time spent on targeted SDV.

The number of trials included in our analysis is significant compared to the literature. However, although the two monitoring approaches were implemented by a single experienced CRA team, our results show great heterogeneity across trials. This could be explained by differences in terms of therapeutic domain, duration of trial and complexity of patient follow-up, which impact the type and quantity of data to be collected. Moreover, despite harmonization in monitoring procedures and experience between CRA, we cannot discard that, at least part of variability observed in data quality and time spent on SDV could reflect differences in the attentiveness and diligence of the CRA assigned to each monitoring approach. However, it is worth noting that quantifying the time spent on various tasks was (and is still) a routine procedure in our institution, and cannot be considered as a limitation of our study.

The selected DM approach might also be discussed. Indeed, in the clinical trials selected in our study, the use of paper CRF, captured once it has been audited (and we assume the audited data are reliable) does not allow any centralized monitoring which could help distinguish between reliable data and potentially unreliable data and may reduce the extent of on-site SDV. However, nowadays, the use of electronic data capture systems allows studyspecific DM or centralized monitoring process which provide additional capabilities to onsite SDV. For example, despite barriers in technological and policy access, remote-SDV has been shown feasible [START_REF] Mealer | Remote source document verification in two national clinical trials networks: a pilot study[END_REF][START_REF] Uren | Reducing Clinical Trial Monitoring Resource Allocation and Costs Through Remote Access to Electronic Medical Records[END_REF] and might be of interest by providing a more efficient process for performing SDV for clinical trials and therefore reducing costs. Concerning the cost analysis, the staffing costs used in our study reflect the institutional scales for CRA, datamanagers and clinical study coordinators at the time of analysis and cannot be generalized to all present-day research structures.

Conclusion

Our study shows that the implementation of targeted SDV monitoring is counterbalanced by an increased workload for DM, which allows to maintain a small proportion of remaining errors on key data (<1%), but may substantially increase trial costs. Consequently, data quality assurance should be viewed as a whole (monitoring and DM) in terms of efficacy (i.e. the ability to ensure the reliability of the data) and global costs. Our results provide food for thought on the balance between reliability of data and cost that sponsors should address. In addition, the analysis of global strategies of monitoring, including a further DM step, should be of interest in the context of the definition of new monitoring approaches. 
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 4 2%). Targeted SDV monitoring strategy led to the modification of 4,314 data (3.1%) including 637 key data (3.5%). The same DM program, implemented on both the Afull and Atarget databases, led to the modification of 496 (0.4%) and 2,124 (1.6%) data, respectively.The comparison between the final databases Bfull and Btarget enabled the identification of 2,015 discrepancies (1.47%, 95% CI [1.41%; 1.53%]) considered as remaining errors with targeted monitoring. The error rate on key data was 0.78%, 95% CI [0.65%; 0.91%]. The 141 errors on key data following targeted SDV were analyzed. No error remained on informed consent, nor on inclusion or exclusion criteria. One study (#4) presented 15 errors on the composite primary outcome, evaluated on the basis of the occurrence of several events at each visit. These errors on data related to the primary outcome did not impact the global assessment of the outcome. The other 126 errors on key data were observed on baseline prognostic variables.A total of 112 SAE were detected with full SDV and 110 with targeted SDV. The two SAE (1.8% of total SAEs) not detected with targeted SDV were one case of liver failure (prolongation of existing hospitalization) in study #3 and one case of leucopenia (important medical event) in study #4.
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 1 Figure 1: Procedure for data collection and management

Figure 2 :

 2 Figure 2: Estimated time spent on monitoring, assuming different query handling time

Table 2 (for results per study, see supplementary data in SupplTable 1).

 2 Overall, full SDV monitoring strategy led to the modification of 6,426 data (4.7%) including 765 key data

Table 1 : Characteristics of the clinical trials included in the MONITORING study Targeted SDV strategy Full SDV strategy

 1 

		NCT	Study design	Number of	Total	Number of	Number of	Number of
				trial	number of	patients	data	key-data
				visits/patient	patients	included in the	collected	(%)
					included in	MONITORING	
					the trial	study	
	#1	00280592 Randomized, double-blind, placebo-	6	171	48	27,252	4,092 (15)
		controlled, multicenter phase 3 [35]				
	#2	00372138 Non comparative pilot single center	5	20	15	5,746	1,545 (27)
		phase 2					
	#3	00151671 Randomized, double-blind, placebo-	6	35	15	22,228	1,860 (8)
		controlled, single center phase 3 [36]				
	#4	00151632 Randomized, controlled, multicenter	20	195	17	43,148	7,223 (17)
		phase 3 [37]					
	#5	00323804 Randomized, double-blind, placebo-	4	372	20	21,088	1,724 (8)
		controlled, multicenter phase 3				
	#6	00336882 Randomized, single-blind, controlled,	5	30	11	17,546	1,680 (10)
		single center phase 3 [38]				
	TOTAL				823	126	137,008	18,124 (13)

Table 2 : Number of data corrections at each step in the two monitoring strategies
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SDV: source data verification; DM: data-management

Trial Number of patients Number of queries with targeted SDV Number of patients with queries with targeted SDV Number of queries with full SDV Number of patients with queries with full SDV

  

	#1	48	306	48 (100%)	80	27 (56%)
	#2	15	23	7 (47%)	18	7 (47%)
	#3	15	166	15 (100%)	34	9 (60%)
	#4	17	156	17 (100%)	19	9 (53%)
	#5	20	75	18 (90%)	47	15 (75%)
	#6	11	67	11 (100%)	8	7 (64%)
	TOTAL	126	793	116 (92%)	206	74 (59%)

Table 3 : Queries in each monitoring strategy

 3 

SDV: source data verification
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