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Wang et al.1 examined the effects of three health literacy
and exercise interventions on HbA1c (the primary out-
come) in a four-arm cluster randomized trial (cRCT),
but did not account for clustering and nesting. Eight
Healthcare Centers (CHCs) were randomly assigned to
four conditions (two per condition). Repeated measure-
ments occurred at four timepoints after enrollment.
Nominally significant p-values were reported for inter-
vention effects on HbA1c. We reanalyzed the data
accounting for clustering and nesting, and present the
results herein.

An assumption underlying the validity of typical
inferential statistical methods is independence of obser-
vations: the outcome of each respondent is not related
to the outcomes of other respondents. In cRCTs, clus-
ters are randomized, but inferences about the interven-
tion effects are often intended to individuals. In the
study, individuals from the same CHC (cluster) are
expected to be more similar than those from different
clusters, resulting in a pattern of correlated data so
‘errors’ (model residuals) are not independent across
individual participants.2,3 The inherent correlation
among observations from the same cluster typically
inflates type I error rates. Not accounting for non-inde-
pendence within clusters can lead to incorrect estima-
tion of the variance; p-values that are smaller than what
a valid analysis will produce for intervention effects; and
thus invalid inferences about intervention effects.4 By
valid analysis we mean an analysis which under the
null hypothesis, with continuously distributed data and
a continuously distributed test-statistic, produces a sam-
pling distribution of p-values that is uniform on the
interval [0,1]. An invalid analysis refers to a testing pro-
cedure that produces any other sampling distribution of
p-values.

In the study, generalized estimating equations (GEE)
models with random effect for individual subjects were
used. This accounts for repeated measurements nested
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within participants, but not for participants nested
within CHCs. The authors of the study collegially
shared their data with us. We were able to reproduce
published results per the original methods1 with negli-
gible differences: the p-value for change of HDL within
the control group at 24-month follow-up (our p-value =
0.042, p-value reported in the study ≥0.05), and differ-
ences that may reasonably arise due to rounding. We
then reanalyzed data for the intervention effects (each
intervention compared to control) on HbA1c and the
secondary outcomes from baseline to each follow-up
point. Herein, we present a model that accounts for
clustering and nesting effects of the design within
the context of other methodologic choices of the orig-
inal authors, which involved null hypothesis signifi-
cance testing based on p-values and a 0.05 alpha
level. Thus, debate about the relative value of p-val-
ues and frequentist testing is not within the scope of
current work.

To reanalyze the data, we used linear mixed models
(LMM) instead of GEE (used in the study), as it is sug-
gested that GEE has unreliable type I error rates for
cRCTs with few clusters and should be avoided.5 GEE is
a population-averaged approach6 using an asymptotic z
test which assumes large sample sizes. Specifically,
GEE based methods use empirical-sandwich estima-
tion for standard errors. When the degrees of free-
dom are limited, empirical-sandwich estimation
leads to unreliable type I error rates in hypothesis
testing. That is, when the number of clusters per
condition is small, the increased variability of the
sandwich variance estimator substantially inflates the
type I error.7−10 Thus, it would not be appropriate to
account for the clustering effect of CHCs and the
repeated measures using GEE. Our LMM models
included district as a covariate to account for stratifi-
cation of CHCs by two city districts, random effect
for subjects nested within CHCs to account for clus-
tering effect of CHCs, and random effect for
repeated measures nested within individual partici-
pants (SAS software, Version 9.4).

We found no evidence supporting efficacy of the
interventions in improving HbA1c levels, whereas it
1
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All participants Participants with suboptimal clinical measurementsd

Control Health Literacy Exercise Comprehensive Control Health Literacy Exercise Comprehensive

Comparison vs.
baseline/ control

GEEa LMMb GEEa LMMb GEEa LMMb GEEa LMMb GEEa LMMb GEEa LMMb GEEa LMMb GEEa LMMb

A1C 3 months Baseline 0.276 0.758 <0.001 0.314 0.011 0.338 <0.001 0.306 0.847 0.897 <0.001 0.270 0.004 0.230 <0.001 0.265
Control c Ref. Ref. <0.001 0.353 0.007 0.371 <0.001 0.347 Ref. Ref. 0.008 0.384 0.031 0.345 0.015 0.378

6 months Baseline 0.337 0.770 <0.001 0.224 <0.001 0.051 <0.001 0.202 0.757 0.988 <0.001 0.164 <0.001 0.029 <0.001 0.170
Control c Ref. Ref. <0.001 0.286 <0.001 0.108 <0.001 0.266 Ref. Ref. 0.005 0.316 <0.001 0.109 0.008 0.323

12 months Baseline 0.016 0.425 <0.001 0.110 <0.001 0.141 0.011 0.461 0.287 0.510 <0.001 0.084 <0.001 0.099 0.009 0.427
Control c Ref. Ref. <0.001 0.095 <0.001 0.114 <0.001 0.282 Ref. Ref. <0.001 0.095 <0.001 0.106 0.014 0.308

24 months Baseline 0.610 0.866 <0.001 0.086 <0.001 0.057 0.838 0.991 0.543 0.882 <0.001 0.060 <0.001 0.031 0.631 0.922
Control c Ref. Ref. <0.001 0.176 <0.001 0.135 0.635 0.912 Ref. Ref. <0.001 0.209 <0.001 0.139 0.977 0.970

SBP 3 months Baseline 0.349 0.623 0.903 0.939 0.228 0.543 0.605 0.706 <0.001 0.038 <0.001 0.016 <0.001 0.049 0.170 0.259
Control c Ref. Ref. 0.564 0.768 0.868 0.931 0.333 0.540 Ref. Ref. 0.678 0.814 0.652 0.860 0.286 0.450

6 months Baseline 0.156 0.452 0.089 0.320 <0.001 0.129 0.463 0.662 <0.001 0.002 <0.001 0.005 <0.001 0.010 <0.001 0.019
Control c Ref. Ref. 0.772 0.859 0.237 0.560 0.666 0.823 Ref. Ref. 0.490 0.713 0.137 0.515 0.185 0.453

12 months Baseline 0.897 0.951 0.564 0.725 0.054 0.310 0.872 0.909 <0.001 0.008 <0.001 0.037 <0.001 0.047 <0.001 0.036
Control c Ref. Ref. 0.623 0.770 0.158 0.441 0.983 0.970 Ref. Ref. 0.269 0.547 0.175 0.479 0.387 0.605

24 months Baseline 0.995 0.995 0.066 0.217 0.804 0.855 0.699 0.829 <0.001 0.004 <0.001 0.005 <0.001 0.048 <0.001 0.016
Control c Ref. Ref. 0.188 0.373 0.858 0.893 0.792 0.875 Ref. Ref. 0.793 0.910 0.097 0.376 0.439 0.662

DBP 3 months Baseline 0.002 0.038 0.231 0.418 0.060 0.145 0.721 0.740 <0.001 <0.001 <0.001 0.013 <0.001 <0.001 <0.001 0.012
Control c Ref. Ref. 0.002 0.044 0.478 0.629 0.110 0.195 Ref. Ref. 0.165 0.333 0.722 0.774 0.279 0.373

6 months Baseline 0.540 0.635 0.185 0.338 0.184 0.276 0.484 0.579 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.001
Control c Ref. Ref. 0.175 0.314 0.585 0.648 0.942 0.951 Ref. Ref. 0.165 0.336 0.924 0.948 0.291 0.466

12 months Baseline 0.389 0.474 0.200 0.290 0.060 0.122 0.527 0.601 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 <0.001
Control c Ref. Ref. 0.128 0.214 0.429 0.523 0.883 0.894 Ref. Ref. 0.284 0.404 0.771 0.838 0.730 0.795

24 months Baseline 0.622 0.704 0.849 0.872 0.993 0.982 0.082 0.199 <0.001 <0.001 <0.001 0.002 <0.001 <0.001 <0.001 0.001
Control c Ref. Ref. 0.618 0.703 0.720 0.804 0.440 0.506 Ref. Ref. 0.239 0.446 0.559 0.705 0.364 0.495

LDL 12 months Baseline 0.970 0.973 <0.001 0.042 0.051 0.521 0.399 0.820 0.081 0.592 0.009 0.108 0.160 0.714 0.051 0.624
Control c Ref. Ref. <0.001 0.120 0.164 0.631 0.565 0.853 Ref. Ref. 0.002 0.131 0.857 0.907 0.977 0.978

24 months Baseline <0.001 0.192 0.011 0.236 0.559 0.864 0.118 0.590 <0.001 0.130 0.419 0.906 <0.001 0.199 <0.001 0.221
Control c Ref. Ref. <0.001 0.092 0.021 0.406 0.117 0.561 Ref. Ref. 0.006 0.240 0.753 0.860 0.564 0.817

HDL 12 months Baseline 0.088 0.248 0.014 0.122 0.075 0.249 0.433 0.727 0.001 0.003 0.009 0.118 0.001 0.005 <0.001 0.016
Control c Ref. Ref. 0.674 0.731 0.014 0.116 0.319 0.558 Ref. Ref. 0.200 0.246 0.789 0.741 0.329 0.336

24 months Baseline 0.042 0.334 0.099 0.040 0.136 0.302 0.011 0.162 <0.001 0.012 0.003 0.030 <0.001 0.003 <0.001 0.001
Control c Ref. Ref. 0.368 0.338 0.018 0.170 0.482 0.707 Ref. Ref. 0.945 0.924 0.141 0.204 0.194 0.353

Table 1: Time and intervention effect p-values from generalized estimating equation (GEE) models that do not account for clustering and nesting and linear mixed models (LMM) that do account for
clustering and nesting.

a Generalized Estimating Equations with repeated measure nested in subject ID as random effect and Gaussian family; the statistical model used by Wang et al., which ignores the clustering effect (i.e., is invalid).
b Our reanalyzed results using Linear Mixed Models with repeated measure nested in subject ID and subject ID nested in CHC as random effects, and district as covariate, accounting for the clustering effect of CHCs.
c p-values between each intervention group compared to the control arm in changes from baseline to follow-up time.
d Wang et al. defined suboptimal clinical measurements as HbA1c≥7.0%, SBP>130 mmHg, DBP> 80 mmHg, LDL>2.6 mmol/L, HDL<1.04 (men) or <1.30 mmol/L (women).

Correspondence

2
w
w
w
.th

elan
cet.com

V
ol53

N
ovem

b
er,2022



Correspondence
was concluded in the study that interventions
resulted in statistically significant improvements in
HbA1c. Among the 12 between-group HbA1c com-
parisons, 11 were originally reported as nominally
significant (p-value<0.05). None of those were statis-
tically significant when clustering and nesting were
accounted for during statistical analyses. In Table 1,
we present the p-values derived from GEE models
not accounting for clustering and nesting (used in
the study), and analyses using LMM (accounting for
clustering and nesting). Similarly, none of the
between-group p-values originally reported as nomi-
nally significant for the secondary outcomes and for
the subgroup analyses were statistically significant in
our analyses.

One may argue that because in the study inter-
ventions were implemented for individual partici-
pants (e.g., one-on-one sessions) and not at group
level (e.g., participants receiving the intervention
simultaneously) clustering has been independent
from treatment implementation, and thus, account-
ing for clustering and nesting is not necessary. We
do not consider this to be correct: even if clustering
was truly independent from treatment implementa-
tion, this does not eliminate the effect of clustering
on variance components.

We also need to emphasize that post-hoc calcula-
tion of sample’s ICC is not an appropriate gate-
keeper test to determine whether one should account
for clustering.11 Not accounting for clustering,
regardless of the sample ICC’s magnitude, poten-
tially leads to miscalculation of variance components
and type I error rates above the nominal significance
level4,12 (Table 1).

Statistical analyses of cRCTs that ignore clustering
and nesting are invalid, and any drawn conclusions are
unsubstantiated. To ensure the integrity of the scientific
record, errors in the methods, results, and conclusions
of the study should be publicly acknowledged and cor-
rected results should be used instead.
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