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Background: In non-randomized studies (NRSs) where a continuous outcome variable (e.g., depressive symptoms) is assessed at baseline and follow-up, it is common to observe imbalance of the baseline values between the treatment/exposure group and control group. This may bias the study and consequently a meta-analysis (MA) estimate. These estimates may differ across statistical methods used to deal with this issue. Analysis of individual participant data (IPD) allows standardization of methods across studies. We aimed to identify methods used in published IPD-MAs of NRSs for continuous outcomes, and to compare different methods to account for baseline values of outcome variables in IPD-MA of NRSs using two empirical examples from the Thyroid Studies Collaboration (TSC).

Methods: For the first aim we systematically searched in MEDLINE, EMBASE, and Cochrane from inception to February 2021 to identify published IPD-MAs of NRSs that adjusted for baseline outcome measures in the analysis of continuous outcomes. For the second aim, we applied analysis of covariance (ANCOVA), change score, propensity score and the naïve approach (ignores the baseline outcome data) in IPD-MA from NRSs on the association between subclinical hyperthyroidism and depressive symptoms and renal function. We estimated the study and meta-analytic mean difference (MD) and relative standard error (SE). We used both fixed- and random-effects MA.

Results: Ten of 18 (56%) of the included studies used the change score method, seven (39%) studies used ANCOVA and one the propensity score (5%). The study estimates were similar across the methods in studies in which groups were balanced at baseline with regard to outcome variables but differed in studies with baseline imbalance. In our empirical examples, ANCOVA and change score showed study results on the same direction, not the propensity score. In our applications, ANCOVA provided more precise estimates, both at study and meta-analytical level, in comparison to other methods. Heterogeneity was higher when change score was used as outcome, moderate for ANCOVA and null with the propensity score.

Conclusion: ANCOVA provided the most precise estimates at both study and meta-analytic level and thus seems preferable in the meta-analysis of IPD from non-randomized studies. For the studies that were well-balanced between groups, change score, and ANCOVA performed similarly.
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INTRODUCTION

In non-randomized studies (NRS) that assess a continuous outcome of interest (e.g., depressive symptoms) at baseline and follow-up, baseline values between treatment or exposure and control group may differ significantly. Ignoring this imbalance in the analysis may confound the estimated study effect (1). Likewise, when there is correlation between baseline values and change score (the difference between follow-up and baseline values), the researchers performing the statistical analysis must take this into account. Failing to do so may reduce the precision and increase risk of bias in study results (1). For example, in a study that assesses the effect of a treatment compared to a control using a continuous outcome over a certain period of follow-up, we may observe that people in the treatment group have higher baseline value of the outcome variable than those in the control group. Furthermore, we may also see that baseline outcome values (e.g., depressive symptoms measured at baseline) correlate positively with the difference between follow-up and baseline (higher baseline values change more in absolute terms, i.e., regression to the mean). In this case, the treatment (e.g., antidepressant medication) will appear more effective than it truly is (2, 3). This problem can be avoided by accounting for baseline imbalances between the groups and for this type of correlation when we analyze continuous outcomes in NRSs. A few statistical methods are available to deal with this issue.

The most common methods are analysis of covariance (ANCOVA) and the change score. These methods are both based on a linear regression model (1, 4). ANCOVA uses follow-up values as outcome, adjusted for baseline values. In the change score, baseline outcome values are included in the outcome definition of the model: the outcome is the difference between follow-up and baseline values. There has been extensive debate over which approach is preferable and the question is still controversial (2, 4–6).

Another method that may account for baseline imbalance in study analysis is the propensity score, also called inverse probability weighing, which accounts for baseline imbalances by assigning weights to each participant. In this method, the researcher applies a linear regression model with follow-up values as outcome and each participant is weighted for the conditional probability of being treated or exposed, given the baseline outcome. Weights are calculated as the inverse probability of being treated/exposed given baseline outcome values, under the assumption of no unmeasured confounders that may affect the estimate and the causal effect of the exposure (7, 8). This method weights participants who were unlikely to receive the treatment (or being exposed) higher than those who were likely to receive the treatment but did not.

Another issue is that the pooled estimate obtained from the MA of NRSs with biased estimates due to ignoring imbalance at baseline in the study statistical analysis may also be biased, as well as less efficient (9, 10). If studies included in the MA used different methods (e.g., ANCOVA, change score, or propensity score) to analyze continuous outcomes, the pool result could be influenced by aggregate estimates that were derived differently. This problem can be solved by standardizing the analytic approach across studies included in the MA using individual participant data (IPD) instead of aggregate study data (9, 10). MA of IPD is increasingly common and is now considered the best method for combining study results (11). Riley et al. (1) compared studies and meta-analytic estimates between ANCOVA and change score in IPD MA of RCTs by assuming different scenarios of baseline imbalance between groups. We found no research that measured the effects of the propensity score method at the study and meta-analytic level by comparing ANCOVA to change score and none that compared the effect of ANCOVA and change score in study and meta-analytic estimates from IPD-MA of NRSs.

Our first aim was to identify the statistical methods IPD MA of NRSs used to deal with continuous outcomes assessed at baseline and follow-up. Our second aim was to compare the impact of the above methods in the study and meta-analytic estimates in two empirical examples of IPD-MA of NRSs.



METHODS

To identify the various statistical methods, we systematically reviewed published IPD-MAs of NRSs that analyzed continuous outcomes and used baseline outcome data in the analysis. We built the search strategy with the help of a medical librarian. We searched Medline (PubMed), Embase (Ovid), and CENTRAL (Cochrane Library) from inception to February 2021 using the key terms listed in the Supplementary Materials. In addition to completed studies, study protocols of IPD-MAs of NRSs were eligible for inclusion. We excluded methodological studies like those that assessed the effect of different statistical methods on the results of IPD-MA of NRSs that incorporated baseline outcome data in analysis of continuous outcomes. We placed no restrictions on study population or underlying medical conditions. We imported search results into a citation manager (https://rayyan.qcri.org/) and removed duplicates. Two authors (LS and LW) independently screened citations by title and abstract against predefined eligibility criteria. The same two authors reviewed the full text of all selected records. They resolved disagreements by discussion and, if needed, consulted a third author (CDG) to reach consensus. From each eligible IPD-MA, we extracted the following information: number of included cohorts/studies; number of participants; clinical field; assessment of potential outcome baseline imbalance between groups; assessment of the correlation between baseline and follow-up outcome data; primary statistical method that accounted for baseline outcome data, and eventual method used in a secondary analysis. We piloted an electronic data extraction form that was used by the two reviewers to extract information of interest from included publications.

For our second aim we used data from the Thyroid Studies Collaboration (TSC): (1) Wildisen et al. assessed the association between subclinical hyperthyroidism (exposure) and depressive symptoms (outcome) (12), and (2) Meuwese et al. on the association between overt and subclinical hyperthyroidism (exposure) and renal function (outcome) (13). Each study included in each publication was approved by its local ethics committee and all participants gave informed consent for the original studies. Participants with subclinical hyperthyroidism were defined as those with thyroid stimulating hormone (TSH) <0.45 mIU/L and normal free thyroxine (FT4) (14). For both examples, we considered euthyroid participants (TSH levels between 0.45 and 4.49 mIU/L and normal FT4 levels; reference range from original studies) as members of the unexposed group.

We included cohorts with available data on the outcome of interest (depressive symptoms or renal function) at baseline, at first available follow-up, and with thyroid status at baseline (measured TSH). Depressive symptoms were measured on a validated depression scale in the Beck Depression Inventory (BDI). BDI scales go from 0 to 63; higher values indicate more symptoms of depressive symptoms (15). We measured renal function with estimated glomerular filtration rates (eGFR) in mL/min/1.73m2; values lower than 60 mL/min/1.73m2 indicate deteriorated renal function. eGFR was calculated with the four-variable Modification of Diet in Renal Disease formula when it was not in the original source data.

We analyzed only participants whose baseline and follow-up data were both available. We also collected data on age and sex for each cohort. We calculated the mean and standard deviation (SD) of the continuous outcomes at baseline and follow-up in each cohort study and assessed statistical baseline imbalances between groups with the t-test. We verified the data were normally distributed. For each cohort, we also calculated the correlation coefficient between baseline and follow-up outcome data. Then we executed a two-stage IPD-MA. In the first stage, we estimated the study-specific mean difference (MD) of the outcome between participants with subclinical hyperthyroidism and euthyroid participants and, to measure the precision of the estimates, the relative standard error (SE). We obtained study estimates from ANCOVA, change score, and propensity score. For comparison, we also applied the naïve approach, which model follow-up outcome data and ignores baseline outcome data. Naïve model has been showed to produce biased estimates in case of the presence of baseline imbalance (1). Since we used NRSs and therefore other baseline variables may have operated as confounders we additionally adjusted for age and sex in each method to have more reliable results. The statistical model for each method, without adjustment for age and sex for each method, is presented in the Supplementary Materials. Finally, we pooled the MDs across studies using both fixed and random effects meta-analysis to derive the meta-analytic estimates reported again as MD, SE, and relative 95% confidence interval (CI). Between-study variance was estimated by τ2; we also calculated the I2 as measure of heterogeneity. All analyses were performed in STATA v15 (StataCorp. 2017. Stata Statistical Software: Release 15. College Station, TX: StataCorp LLC.).



RESULTS


Systematic Review of IPD-MAs of NRSs

Our initial search yielded 2,611 unique citations, which we scrutinized for eligibility. Figure 1 contains the flow chart of study identification. We included 18 publications of IPD-MA of NRSs evaluating continuous outcomes (12, 13, 16–31), more than half (61%) published since 2018. Table 1 lists the characteristics of the studies we included: 10 (56%) used change score; seven (39%) used ANCOVA, and one (5%) used propensity score. No study assessed the presence of baseline outcome imbalance between groups or correlation between baseline and follow-up data.


[image: Figure 1]
FIGURE 1. Flow chart.



Table 1. Characteristics of included individual participant data meta-analysis of non-randomized studies.
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Comparison of Methods on Study and Meta-Analytic Estimates From Two IPD-MA of NRSs
 
Association Between Subclinical Hyperthyroidism and Depressive Symptoms

Six studies were included in our analysis with total sample size ranging between 257 and 15,576 participants (Table 2). No studies had statistically significant outcome baseline imbalance between groups. The correlation ranges between 0.44 and 0.73 (Table 2). Results at study level for each statistical method are reported in Table 2 and those at meta-analytic level in Table 3. At study level, the study that presented largest difference between groups at baseline although not statistically significant [i.e., PROSPER (33)] had wide variation in the estimates throughout the four methods, with MD ranging from −2.06 in the naïve approach to 1.02 for the change approach (higher positive values indicate more depressive symptoms) (Table 2). The study estimates were similar across the methods in case of balanced baseline outcome data between groups [see for example Leiden 85-plus Study (32)]. For each study ANCOVA and change approach showed MDs in the same direction (e.g., positive) (Table 2). The study SEs of the ANCOVA were smaller compared to the other approaches, indicating more precise estimates, while propensity score provided the least precise study estimates (Table 2). At meta-analytic level, ANCOVA provided more precise pooled estimates in the fixed effects model (SE = 0.27) while the least precise method was the naïve approach (SE = 0.32), even though no method identified an association between depressive symptoms and subclinical hyperthyroidism (Table 3). The pooled estimates were mainly driven by HUNT (37), which is the biggest study (with very similar baseline outcome data between groups) and thus with the largest weight in the meta-analysis (% weight for HUNT >54%) (Supplementary Figure 1). In the random effect model, the propensity score approach showed more precise pooled estimate (SE = 0.31), following by the naïve approach (SE = 0.32) and ANCOVA (SE = 0.34), while the change approach had the least precise pooled estimate (SE = 0.49). Heterogeneity was highest when change score was used as outcome (τ2 = 0.56) compared to that from ANCOVA (τ2 = 0.13) and null for the propensity score and naïve approach (Table 3). In both fixed and random effects, pooled results from propensity score were more in favor to the exposure group compared to the other methods (subclinical hyperthyroidism reduced depressive symptoms in the BDI scale of 0.32 compared to the control group) (Table 3 and Supplementary Figure 2).


Table 2. Summary of studies that assessed the association between subclinical hyperthyroidism and depressive symptoms.
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Table 3. Meta-analytic results by statistical method and empirical example.
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Association Between Subclinical Hyperthyroidism and Renal Function

We included 13 studies in our analysis; sample size ranged between 230 and 14.187 participants (Table 4). The t-test revealed statistically outcome baseline imbalance between groups in SHIP (44), PROSPER (33), InChianti (36), and HUNT (37). We also found some baseline imbalance in other studies like Bari (38), Health ABC (34), and PREVEND (41). This imbalance was not statistically significant according to the t-test, likely because sample size was small. We found similar baseline outcome data between groups for Belfrail (39) and Busselton (40).


Table 4. Individual non-randomized studies included in renal function application of the IPD MA.

[image: Table 4]

Almost all studies had moderate correlation (≥50) between baseline and follow up outcome (Table 4). Results at study level for each statistical method are reported in Table 4 and those at meta-analytic level in Table 3. At study level, the studies that presented similar baseline outcome data between groups had small variation in the estimates throughout the methods. Among studies that showed imbalance baseline in the outcome between groups MDs varied more across methods. For example, in HUNT (37) the MDs were 1.28 for naïve, −0.53 for ANCOVA, −5.35 for change, and 0.94 for propensity score. We saw a similar pattern for InChianti (36), where MDs were 1.78 for naïve, −2.06 for ANCOVA, −4.78 for change, and −0.28 for propensity score (lower positive values indicate better renal function). Regardless of baseline imbalance, MDs for ANCOVA and change score always went to the same direction, while MDs from the propensity score approach varied.

For all studies, SEs were smaller for ANCOVA than other methods, indicating ANCOVA gave more precise estimates (Table 4). At the meta-analytic level, in the fixed effects model ANCOVA gave more precise pooled estimates (SE = 0.51) than other methods and the change score was less precise (with SE = 0.74), though no method identified an association between the renal function and subclinical hyperthyroidism (Table 3). In the random effects model, ANCOVA again showed more precise pooled estimates (SE = 0.53) and again the less precise was the change score (SE = 0.74). Heterogeneity was the highest when we used change score was used as outcome (τ2 = 3.18); it was lower for ANCOVA (τ2 = 1.00) and the propensity score (τ2 = 0.16) and it was null for the naïve approach. In both fixed and random effects, pooled results from propensity score showed less renal deterioration in the exposure group compared to the control group, while the other methods showed results in the other way round (Table 3 and Supplementary Figures 3, 4).





DISCUSSION

Among the published IPD-MA of NRSs in which continuous outcomes were assessed at baseline and follow-up (61% published since 2018), the change score was the most common statistical method, followed by ANCOVA—an unexpected finding because Cochrane recommends using ANCOVA to incorporate baseline outcome data in meta-analysis (45). A recent published paper by Tennant et al. also recommends not to use change score in studies that aim to estimate a causal-effect because their results are not meaningful unless the baseline exposure and baseline outcome are independent from each other, which is extremely unlikely in non-randomized studies (46). However, Tennant et al. also highlighted that adjustment for the baseline outcome, such as in ANCOVA, should not be made when the baseline outcome plausibly occurs after the exposure. In such cases, it would not generally be recommended to adjust for the baseline outcome, since such adjustment would not target the total causal effect of the exposure on the follow-up outcome and may introduce further bias. In other words, the adjustment strategy depends upon the causal scenario under consideration. We also compared the study and meta-analytic results from three statistical methods used to incorporate baseline outcome data in the analysis of a continuous outcome from two empirical examples of IPD-MA of NRSs. We considered ANCOVA, change score, propensity score. For comparison we also used the naïve approach that ignores the baseline outcome data. Study estimates varied across methods and depended on the balance/imbalance status of baseline outcome data between exposure and control group. When there was baseline imbalance, study estimates varied widely across methods, although estimates from ANCOVA and the change score flowed in the same direction. It is not necessarily expected that these two methods give results in the same direction, and we simply attribute that to the large sample size of the studies included in our examples (smallest study sample size was 229) that it is likely not to affect the sign of the point estimate. Studies with well-balanced baseline outcome data between groups had similar IPD MA results, regardless of the approach. We found ANCOVA gave the most precise estimates at both study and meta-analytic level, though at meta-analytic level the results for both examples did not differentiate across the methods. ANCOVA gave different results than propensity score adjustment: the propensity score seemed to overestimate the (positive) effect of the exposure group. One reason that may explain why the propensity score analysis does not generally agree with the ANCOVA analysis is the imbalance exposure “allocation ratio” that may produce a lack of overlap in the estimated propensity score by exposure groups and consequent extreme weights (47). Indeed, in our examples the proportion of participants in the euthyroid group is often much higher than those in the subclinical hyperthyroidism.

Overall, our findings are consistent with previous studies that suggested ANCOVA was most precise and better accounted for baseline imbalance between groups (1, 2). Our study adds further evidence in favor of using ANCOVA instead of change score when both baseline imbalance of the outcome data and correlation between baseline and change score are present (2, 5). Also in randomized studies where the exposure and baseline outcome variable are supposed to be unrelated, ANCOVA has been shown to be more efficient when compared with the change score, unless further adjustment for baseline outcome data is done in the change score approach (48). We extended on previous research comparing the propensity score approach to ANCOVA, the change score, and the naïve approach. We used IPD datasets from an international set of cohort studies with both small and large sample sizes so we could explore the effects of the methods in different scenarios.

Our study had three limitations. First, it did not assess the effect of the methods in both aggregate and IPD datasets. Second, for ANCOVA we assumed a linear confounding effect of baseline outcome data. However, association with follow-up may not be linear and a spline term may be included in the model to allow for potential non-linear confounding effect. Third, we only explored the effect of the methods in empirical examples; assessment via simulation studies may be further conducted.

For non-randomized studies that were well-balanced between groups, change score and ANCOVA performed similarly, but ANCOVA provided the most precise estimates at both study and meta-analytic level. In consistency with studies that showed biased estimates using change score in not randomized studies, we recommend using ANCOVA in meta-analyses of individual patient data from non-randomized studies.
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