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ABSTRACT

Background: Regression to the mean (RTM) is a statistical phe-
nomenon where initial measurements of a variable in a nonrandom
sample at the extreme ends of a distribution tend to be closer to the
mean upon a second measurement. Unfortunately, failing to account
for the effects of RTM can lead to incorrect conclusions on the
observed mean difference between the 2 repeated measurements
in a nonrandom sample that is preferentially selected for deviating
from the population mean of the measured variable in a particular
direction. Study designs that are susceptible to misattributing RTM
as intervention effects have been prevalent in nutrition and obesity
research. This eld often conducts secondary analyses of existing
intervention data or evaluates intervention effects in those most
at risk (i.e., those with observations at the extreme ends of a
distribution).

Objectives: To provide best practices to avoid unsubstantiated
conclusions as a result of ignoring RTM in nutrition and obesity
research.

Methods: We outlined best practices for identifying whether RTM
is likely to be leading to biased inferences, using a owchart that is
available as a web-based app at https://dustyturner.shinyapps.io/Dec
isionTreeMeanRegression/. We also provided multiple methods to
quantify the degree of RTM.

Results: Investigators can adjust analyses to include the RTM effect,
thereby plausibly removing its biasing in uence on estimating the
true intervention effect.

Conclusions: The identi cation of RTM and implementation of
proper statistical practices will help advance the eld by improving
scienti ¢ rigor and the accuracy of conclusions. This trial was
registered at clinicaltrials.gov as NCT00427193.  Am J Clin Nutr
2020;111:256-265.

Keywords: regression to the mean, statistical errors, nutrition and
obesity research, treatment effect, unsupported conclusions

Introduction

Regression to the mean (RTM) is a statistical phenomenon
that appears when repeated measurements of an outcome are
taken (e.g., a pretest and a posttest) and when the outcome
of interest is the change in the outcome of interest from
pretest to posttest (i.e., posttest value — pretest value). RTM can
make it appear that a treatment effect is present even in the
absence of a treatment effect. The effects of RTM can lead to
unsupported conclusions in studies, including studies of nutrition
and obesity (1-3). Misattribution of RTM as an intervention
effect typically, but not always, occurs when investigators restrict
analyses in a segment of the sample above or below the
population mean to determine pretest to posttest intervention
changes (2, 4) and do not utilize a control group (5, 6).
Unfortunately, if not accounted for, RTM can lead to incorrect
conclusions.
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Unsupported conclusions in nutrition and obesity research

RTM was rst recognized in 1886 by Sir Francis Galton (7).
When evaluating parental and offspring heights, Galton observed
that heights of offspring of taller parents were still greater
than average, yet shorter than the heights of their parents (i.e.,
regressing towards the population mean). This phenomenon was
initially described by Galton as “regression toward mediocrity”
(7). Since the original reports on RTM by Sir Francis Galton,
the effects of RTM have been detected, often postpublication, in
numerous different research areas (8-11). RTM is encountered
in studies of nutrition and obesity research for several reasons
(Table 1).

First, obesity interventions are typically targeted to individuals
who are classi ed with obesity (e.g., children above the 85th
BMI percentile and adults with BMIs =30 kg/m?). Thus, by
de nition, obesity studies often restrict inclusion criteria for
participants with a BMI or other cardiometabolic measures above
the population mean (or at least exclude those from the low end of
the distribution). Indeed, preoperative quali cations for bariatric

surgery generally require the patient to have a BMI >40 kg/m?
(35 kg/m? with comorbidities), thereby introducing RTM effects
in any analysis of bariatric surgery weight loss in an intervention
study without a randomized control group.

A second reason may arise from a well-intentioned desire
to ascertain a positive impact from an intervention that did not
originally lead to a rejection of the null hypothesis. When this
occurs, it is tempting to perform secondary analyses with those
participants in the sample population who were most at risk.
We draw out an example from (18) later on in this article.
These exploratory analyses can provide interesting insights and
help inform future studies and con rmatory hypothesis tests.
Despite good intentions, when these subgroup analyses do not
account for RTM, they can lead to misleading conclusions and
misinformation about best practices for the management of
diseases, such as obesity.

RTM also effects consumer perceptions, where individuals
who are suffering from an illness or poor health may feel better
after adhering to a fad diet, eliminating a food group, or restricting

TABLE 1 A sample of studies in nutrition and obesity research where ignoring the effect of regression to the mean led to unsupported conclusions!

Study title

Description of RTM effect

Hypertension risk: exercise is medicine for most, but
not all (12)

The study evaluated, through a secondary analysis of data, the individual differences that
contributed to changes in blood pressure that resulted from exercise. After grouping data

into low, moderate, and high changes in blood pressure, mean baseline measurements were
examined between the 3 groups. The individuals with the largest decreases in blood
pressure were found to have higher baseline blood pressure. This nding can be attributed
to the effect of RTM (13).

RTM of repeated ambulatory blood pressure monitoring
in 5 studies (14)

Five different studies that collected repeated blood pressure measurements were analyzed.
Blood pressure readings that were high at baseline were lower during follow-ups and lower

blood pressure readings at baseline were higher during follow-ups. The RTM effect was
found for systolic and diastolic blood pressure and in both control and intervention groups.

Understanding the relationship between baseline BMI
and subsequent weight changes in antipsychotic trials:
effect modi cation or regression to the mean? (15)

Strong, healthy, energized: striving for a healthy weight
in an older, leshian population (16)

The study tested the claim that antipsychotic agents led to less weight gain in individuals with
high BMls at baseline. A secondary analysis of the data revealed that the observed effect
was not beyond what is expected due to RTM.

The 12-wk intervention was designed for lesbian women 60 y of age and above with
overweight/obesity. The study concluded the intervention was effective due to an increase in

steps for the participants in the category with the lowest de ned tertile of baseline step
counts. The observed increase was likely due to RTM (1).

Uric acid lowering in relation to HbA1c reductions with
the SGLT?2 inhibitor tofogli ozin (17)

The study examined aggregated outcomes of 4 clinical trials on the effects of the SGLT2
inhibitor tofogli ozin (vs. placebo) on HbAlc and serum uric acid levels. The tofogli ozin

effect was reported due to individuals with highest levels of HbAlc experiencing greater
reductions in HbA1c than did those with lower baseline HbALc levels. This effect was
likely due to RTM (2).

Pre- and postevaluations of a weight management
service for families with overweight and obese
children, translated from the ef cacious lifestyle
intervention, PEACH (18)

The PEACH study was an adiposity-reducing lifestyle intervention in children aged 5-9 y.
The study found statistically signi cant yet modest reductions in BMI and waist
circumference z-scores, but did not include an intervention-free control group for
comparison. When compared to longitudinal data from a study in children without an

intervention (3), the PEACH study reductions in BMI z-scores were similar, suggesting that
the observed changes were due to RTM (5).

Changes in telomere length 3-5 years after gastric
bypass surgery (19)

This study found that telomere length increased in the lowest group of baseline telomere
lengths postgastric bypass surgery. A statistically signi cant increase was not found in the

entire sample. The study did not include a control group and the ndings were attributable
to a RTM effect rather than the intervention (20).

Do obese and extremely obese patients lose weight after
lumbar spine fusions? Analysis of a cohort of 7303
patients from the Kaiser National Spine Registry (21)

The study concluded that patients with obesity were more likely to lose weight after spine
fusion surgery, in comparison to those in lower BMI categories. Because there was no
control group and subjects with the highest BMIs were isolated for the analysis, the

conclusions can be explained by RTM (4).

THbA1c, glycated hemoglobin; PEACH, Parenting, Eating and Activity for Child Health; RTM, regression to the mean; SGLT2, sodium glucose

co-transporter 2.
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TABLE 2 Summary of control participants®

CALERIE 2 control group (n = 66) Values

Age,y 37.88 = 7.07
Height, cm 168.74 + 8.27
First measurement baseline weight, kg 72.64 + 8.68
Second measurement baseline weight, kg 72.29 + 8.67
One-year weight, kg 72.38 + 9.39
Two-year weight, kg 72.9 + 9.16

Data are from the Comprehensive Assessment of Long-term Effects of
Reducing Intake of Energy Phase 2 (CALERIE 2). Data are presented as
mean = SD.

their diet to certain types of foods (22). While the consumer
may attribute the improvement to changes in their diet, the
improvement was most likely due to RTM.

What is regression to the mean?

Errors of inference due to RTM are often easily missed (8)
and many nd the phenomenon to be nonintuitive. Because
theories are best understood with concrete examples, we illustrate
RTM using data from the control group of the weight loss
intervention, the Comprehensive Assessment of Long-term
Effects of Reducing Intake of Energy Phase 2 (CALERIE 2)
(23). The CALERIE 2 study data are publicly available at https:
/lcalerie.duke.edu/samples-data-access-and-analysis.

The CALERIE 2 (23) study was designed to test the hypothesis
that 2 y of caloric restriction at 25% below baseline levels
would slow aging. The study was conducted at multiple sites: the
Pennington Biomedical Research Center in Baton Rouge, LA,
Tufts University in Boston, MA; and Washington University St.
Louis, in Missouri. A sample of 220 participants was randomized
into a caloric restriction group or a control group. The participants
in the control group were advised to continue their routine daily
diets. Body weights were measured 4 times during the study:
twice at baseline, at 1 y, and at 2 y. Our analysis was restricted to
the participants in the control group that had a full set of weight
measurements at each time point. A summary of participant
characteristics appears in Table 2. From Table 2, we see that the
mean weights and SDs at each time point in the control sample
of CALERIE 2 remained stable, and a series of Student’s t-tests
with Bonferroni corrections found no signi cant differences in
mean body weights among time points.

We would not expect the measured weights of an individual
control participant in CALERIE 2 to be exactly the same at
each time point (24); however, over time, the repeated measured
weights of an individual would yield their own distribution, with
amean and an SD (25). If we selected a series of subjects whose
initial weights were among the highest of all the original weights,
then the second weight for each individual would very likely be
lower in magnitude than the rst and closer to the mean of the
individual’s repeated measures. We say that the second weight,
then, “regressed to the mean.”

Figure 1 was developed by dividing the  rst baseline measured
weights in the control sample of CALERIE 2 into thirds. The
upper third (blue in Figure 1) represents individuals whose
measured weights were 1 SD higher than the mean in the rst
baseline measurement. Likewise, the lower third (red in Figure
1) represents individuals with measured weights 1 SD below

the mean. Finally, the middle third (green in Figure 1) are
individuals with measured weights within 1 SD of the mean.
Upon repeated measurements, we can see the blue and red marked
individuals “move” toward the mean. The key point is that this
movement was not due to the intervention effect. Unsupported
conclusions because of failing to account for RTM occur when
the observed mean change between these repeated measurements
in a sample above or below the population mean is interpreted as
an intervention effect.

Next, we outlined methods to determine the existence of RTM
and how to quantify the degree of RTM effect. We also include
study design considerations that account for the effects of RTM.

Methods

Determining whether an analysis is susceptible to regression
to the mean

After identifying the presence of RTM, leading to unsupported
conclusions in numerous studies (1, 2, 4, 6, 15, 20), we developed
a owchart for investigators, editors, and referees to determine
whether RTM effects may be biasing estimates of intervention
effects (Figure 2A). A web-based application, available at
https://dustyturner.shinyapps.io/DecisionTreeMeanRegression/,
was designed to automate the owchart, speci ¢ to the user’s
needs. We demonstrated how to apply the owchart in Figure
2A, using a speci ¢ example.

Example.

A recent study in middle-school children in a large, urban area
evaluated the effectiveness of a physical activity intervention, the
We Run This City Youth Marathon Program (26). The program’s
purpose was to improve markers of health by increasing physical
activity through structured running or walking for 12-14 wk.
Speci ¢ markers, measured at pretest and posttest, were BMI,
waist-to-hip ratio, blood pressure, and tness levels. The authors
found no signi cant mean change in BMI percentiles across
the entire sample. However, when the sample was strati ed
by preintervention BMI percentiles, and separate analyses were
conducted within each strata, a signi cant change between
pretest to posttest BMIs was identi ed in the subgroup of
participants classi ed with overweight or obesity. This is a
classic example of how RTM is misattributed to an intervention
effect.

Determining whether RTM is a problem in this context
can be done by responding to the questions in our RTM
decision tree. The original intervention (26) did not restrict their
sample based on any criteria. Thus, the response to the rst

owchart question, “were subjects receiving the intervention
being studied or sampled in such a way that those on 1
side of the mean were overrepresented (e.g., only including
subjects with BMIs above some level)?,” is “no,” moving
us to the left of the owchart. However, the answer to the
next question, “are analyses being conducted or conclusions
being drawn on subsets of the intervention group de ned by
baseline distribution of the outcome variables?,” is “yes,” because
the secondary analysis was restricted solely to participants on
the upper end of the baseline BMI percentiles. As a control
group was not included, the answer to the next question is
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FIGURE 1 Distribution of control population weights in the Comprehensive Assessment of Long-term Effects of Reducing Intake of Energy Phase 2
(CALERIE 2) study at baseline, with second measurements at baseline, 1y, and 2 y. The control participants in the rst baseline measurement were color coded
by location: blue for 1 SD above the mean, red for 1 SD below the mean, and green for within 1 SD of the mean. The location of participants in subsequent
measurements can be tracked. We found that the blue-coded participants moved down toward the mean, and the red-coded participants moved up toward the

mean, visually demonstrating the effect of regression to the mean.

“no.” Because the conclusions were being drawn by testing for
any signi cance in changes in BMIs from pretest to posttest
in the subset of participants with a BMI that was classi ed
as overweight or obese, the answer to the next question is
“yes.” This leads to the nal outcome in the followed path
(Figure 2B), “RTM is a problem and could be creating spurious
conclusions.”

Within-subject variance using repeated measures

Different yet similar approaches to calculate the RTM effect
have appeared in the literature (15, 25, 27-29) A derivation to
calculate the effect of RTM, assuming the data are normally
distributed, appeared in a work by Davis (29), and we refer

the reader interested in full mathematical details of this speci ¢
formula to the article.

The RTM effect when the 2 variables in question are assumed
to have the same mean and variance are computed using the
following formula (25, 29):

2 2

RTMeffet = —"_ G(z) = ~“G() (1)
02 + 0o} O¢

where o2 is the within-subject variance, o2 is the between-
subject variance, and 6 is the total variance. The function, G(z),
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