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Correlation doesn’t imply causation, but it does waggle
its eyebrows suggestively and gesture furtively while
mouthing ‘look over there.’

-- Randall Munroe in https://xkcd.com/552/

Any claim coming from an observational study
is most likely to be wrong
-- S. Stanley Young and Alan Karr (2011)

“activity bias” [is] a tendency to overestimate the causal
effects of advertising using online behavioral data
-- Randall Lewis, Justin Rao, David Reiley (2011)

Why you care: It is common to find a correlation between A and B and incorrectly conclude
that A causes B or vice-versa. While correlations are a great source of hypotheses, causal claims
based on observations alone should have a lower level of trust than properly run randomized
controlled experiments; this is true even when attempts are made to control for several factors.
We review famous examples where causality was claimed as likely in observational studies, but
later refuted in studies higher in the hierarchy of evidence, such as randomized controlled
experiments.
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Introduction

While many observational studies are later confirmed by randomized controlled experiments
(Concato, Shah, & Horwitz, 2000), others are refuted. loannidis (2005) evaluated claims coming
from highly cited studies; of six observational studies included in his study, five failed to
replicate. Stanley Young and Alan Karr (2011) compared published results from medical
hypotheses shown to be significant using observational studies (i.e., uncontrolled) with
randomized clinical trials, considered more reliable. Of 52 claims in 12 papers, none replicated
in the randomized controlled trials, and in five of the 52 cases, the direction was statistically
significant in the opposite direction of the observational study. Their (albeit overstated in our
opinion) conclusion: “Any claim coming from an observational study is most likely to be
wrong.”

In the famous observational studies below, causality was claimed as likely, yet later refuted. The
examples should help the reader see the risks and pitfalls, and the reason observational studies
are ranked low in the Hierarchy of Evidence (Greenhalgh, 2014). Additional examples are
available in the Design and Interpretation of Clinical Trials Lecture 8B: High-Profile Cases
(Holbrook & Drye). One key lesson is that if you can run a randomized controlled experiment,
then strongly prefer it to an observational study. There are, of course, cases where only
observational studies can be run, but claims of causality should be trusted less, and one should
attempt to control for confounders and the pitfalls shown below.

Bloodletting

In Bad Medicine, Wootton (2007) claimed that “for 2,400
years patients have believed that doctors were doing them
good; for 2,300 years they were wrong.” He notes that for
“two thousand years, from the first century BC until the
mid-nineteenth century, the main therapy used by doctors
was bloodletting—opening a vein in the arm with a special
knife called a lancet—which weakened and even killed

patients.” Figure 0.1: Lancet

Doctors and researchers were fooled by correlation: bloodletting had a calming effect, and thus
doctors believed it was helpful.

So strong is this belief that doctors thought that many diseases, including hepatitis, pneumonitis,
and ophtalmia were manifestations of the inflammation of organs, and bloodletting was deemed
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an efficient treatment. After years of using lancets, leeches were deemed a better way to suck
the blood. In 1833 alone, France imported 42 million leeches for medical use (Morabia, 2006).

In 1799, President George Washington died after three different doctors each performed
bloodletting and extracted more than half his blood volume in a short period when he was sick.
It is now believed that this procedure led to “preterminal anemia, hypovolemia, and
hypotension” (Vadakan, 2004) and premature death of the first US president.

In 1828, Pierre-Charles-Alexandre Louis published an article and then a book on the effects of
bloodletting (Louis, 1836; Morabia, 2006), which is one of the earliest (non-randomized)
controlled experiments. Louis took 77 patients from a very homogeneous group with the same,
well-characterized form of pneumonia. He analyzed the duration of the disease and the
frequency of death by the timing of the first bloodletting (early in days 1-4, or later in days 5-9).
The result: 44% of the patients who had been bled early died compared to 25% of those bled late
(Morabia, 2006).

Dramatic Overestimates of Effects of Advertising

Lewis, Rao, and Reiley (2011) compared the effectiveness of online advertising as estimated by
observational studies and controlled experiments, which they called the “gold standard.”
They ran three experiments:

1. Advertisements (display-ads) were shown to users, and the question was: what is the
increase (lift) in the number of users who search using keywords related to the brand
shown in the ad. Using several observational studies of 50 million users, including three
regression analyses with control variables, the estimated lift ranged from 871% to
1198%. These widely diverging from the more trustworthy controlled experiment lift of
5.4%.

The reason is that users who actively visit Yahoo! on a given day are much more likely
both to see the display ad and to do a Yahoo! search. The ad exposure and the search
behavior are highly positively correlated, but the display ads have very little causal
impact on the searches.

One might conjecture that the exaggerated results depend on increased activity on a
single site (Yahoo!), but the next experiments show this not to be the case.

2. Videos were shown to users, and the question was whether these would lead to increased
activity. Users were recruited through Amazon Mechanical Turk and exposed half to a
30-second video advertisement promoting Yahoo.com services (the Treatment), and half
to a political video advertisement (the Control). An observational study of the treatment
group before and after the exposure overstated the effects of the ad by 350%. Being
active on Amazon Mechanical Turk on a given day increased the chance of participating
in the experiment and in being active on Yahoo!
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3. An ad campaign was shown to users on Yahoo! The question was: what is the impact to
rival firms. It turns out that exposed users were much more likely to sign up at the
competitor’s website on the day they saw the ad, compared to the week prior to the
exposure. Is this spillover? No, the experiment showed that the control group exhibited
a nearly identical lift on the day they came to the Yahoo! site but did not see the
campaign ads. The causal effect was very close to zero.

Uncontrolled Factor: Genetics.

Does Night Light Causes Myopia?

An article in Nature (Quinn, Shin, Maguire, & Stone, 1999) used an observational study to
establish a correlation between young children ages 0-2, who slept at night with room lighting,
and myopia later in life. They showed the following graph and claimed that the prevalence of
myopia increased “markedly with increased levels of night-time ambient lighting during sleep
before the age of 2 years.” Their analysis showed that the percentage increase in myopia and
high myopia was statistically significant with p-value < 0.00001.

The authors recognized the fact that this was an observational study and wrote: “Although it does
not establish a causal link, the statistical strength of the association of night-time light exposure
and childhood myopia does suggest that the absence of a daily period of darkness during early
childhood is a potential precipitating factor in the development of myopia.” That said, they then
claimed that causality is likely: “Despite these qualifications, it seems prudent that infants and
young children sleep at night without artificial lighting in the bedroom.”
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Figure 0.2: Exposure to light correlated with increase of Myopia: from 10% for those who slept the dark to 34% for those with
night light to 55% for those with room light

The story generated significant interest, including CNN article and video (Etheridge,
1999),which wrote “Young children who sleep with a light on may have a substantially higher
risk of developing nearsightedness as they get older, says a new study in the journal Nature.”
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The article then claims that “...the study offers a novel explanation for the increasing prevalence
of myopia over the past two centuries, as populations shifted from agricultural to urban
environments. The current findings suggest that the greater ambient nighttime light levels
associated with industrialization may be a factor in the high incidence of myopia in developed
nations.”

A year later, two papers were published in Nature that were unable to replicate the result, and
which highlighted a confounding factor: parental myopia. The first paper (Zadnik, et al., 2000)
show that the proportion of myopic children in those subjected to a range of nursery-lighting
conditions is remarkably uniform. Furthermore, they made an important observation: there was
a strong statistically significant association between myopic parents and nursery lightings (p-
value<0.001), which was not controlled for in the original study. Their conclusion is that
“myopia is unlikely to develop in children as a result of exposure to night-time lighting as
infants.” The second paper (Gwiazda, Ong, & Thorn, 2000) was also unable to replicate the
results, and found that myopic parents are more likely to employ night-time aids for their
children and that there is an association between myopia in parents and their children. They
likewise wrote that “we question whether parents need to be concerned about causing myopia in
their children by lighting their nurseries at night.”

Three years later, a third paper (Guggenheim, Hill, & Yam, 2003) showed that myopia occurred
with approximately equal frequency in those who slept with and without light exposure at night.
The study’s conclusion is that “night-time light exposure during infancy is not a major risk factor
for myopia development in most population groups.”

Confounders

Does Vitamin C Reduce Coronary Heart Disease?

Observational studies showed that vitamin C reduces Coronary Heart Disease (CHD).
Randomized controlled trials (RCTs) showed the complete opposite: vitamin C increases CHD.
The controlled experiments are considered more trustworthy, and a study was done to assess the
reasons for the disparity (Lawlor, Smith, Bruckdorfer, Kundu, & Ebrahim, 2004). The study
shows that ten socioeconomic position indicators are linearly associated with vitamin C
concentrations, including number of bathrooms in house, shared bedroom, car access, etc.
Behavior factors also differed, including current smoker, exercise, low fat diet, BMI > 30
(obesity), and alcohol consumption. The conflicting results are therefore likely the result of
inadequate adjustment for the complexity of social and environmental exposures. The key
problem is that it is impossible to know if enough confounders have been accounted for.
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Causal Insufficiency

Twin Studies

In 2007, an observational study concluded that adolescents who lose their virginity earlier than
their peers are more likely to become juvenile delinquents (Armour & Haynie, 2007). The study
used the National Longitudinal Study of Adolescent Health with over 7,000 adolescents, but it
was an observational study. The study included a number of covariates as statistical controls,
including gender, race, receipt of public assistance, parental education, family structure, previous
substance use and depression, importance of religion, school GPA, relative pubertal status, and
virginity pledge status, yet there is always the possibility of another confounding covariate;
causal sufficiency is impossible to prove.

The causal claims in the study, such as “experiencing early or late sexual debut continues to have
consequences for delinquent behavior occurring in young adulthood’” are not justified. The fact
that federal “abstinence” programs were already part of the curriculum likely made it easier for
people to accept the causal claim (Weiss, 2007).

The study did not control for genetic factors, yet several twin studies have demonstrated that
siblings who are more genetically similar exhibit more similar ages at first sex. A later paper
(Harden, Mendle, Hill, Turkheimer, & Emery, 2008) compared 534 monozygotic twins from the
same database as the original study. Twin studies are one of the best Natural Experiments, with
research showing that results can usually be generalized (representativeness assumption)
(McGue, 2014). Differences in delinquency between the twins cannot be attributed to genetic
confounds nor to familial environment, such as sociodemography, family structure, and family
relationships. Comparing monozygotic twins, therefore provides a more rigorous test (although
still not as powerful as a fully controlled experiment). The conclusion from the later paper was
the opposite of the initial study: earlier age at first sex predicted lower levels of delinquency in
early adulthood!

Time-Sensitive Confounder (Death)

In several very large observational medical studies, hormone replacement therapy (HRT) was
suggested as a way to reduce Coronary Heart Disease (CHD) for postmenopausal women
(Grodstein, et al., 1996; Grodstein, et al., 2000). Over 50,000 women from the Nurses’ Healthy
Study were followed-up for up to 16 years and the results indicated a “marked decrease in the
risk of major coronary heart disease.” observational studies were so convincing that many
doctors prescribed Premarin for HRT over years. In 2001, it was the third most-prescribed drug
in the United States (Patterson, 2002).

A later study based on randomized clinical trials (controlled experiments), part of the Women’s
Health Initiative (WHI) concluded that HRT “does not confer cardiac protection and may
increase the risk of CHD among generally healthy postmenopausal women” (Manson, et al.,
2003). While the planned duration of the study was 8.5 years, it was terminated after 5.2 years
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because “the overall risks exceeded the benefits” (although that may have been a rushed decision
in hindsight (Robinson, 2018)).

Why were the results inconsistent? One interesting reason is that the control and treatment
populations in the observational studies were not comparable (a common scenario is
observational studies) but the difference is unusual: some women who used HRT were excluded
from the observational study because they...died (Holbrook & Drye; Hernan, et al., 2008;
Manson, et al., 2003). Most of the women in the observational study’s treatment group were
already taking HRT for two to more than five years. The WHI (randomized controlled) study
noted that there was increased risk in the first two years and a pattern of decreased risk over
time. As stated in the Design and Interpretation of Clinical Trials Lecture 8B: High-Profile Cases
(Holbrook & Drye) “The women were different ... in terms of the extent of their use of a
hormone replacement therapy. So some women in the observational study actually had this
immortal time where they survived long enough to get into the observational study, and the
women who died early on were less likely to get into the study... The women who died didn't
enroll in the study.”

External Validity Problems

In some attempts to reproduce results, there are questions about whether the population being
experimented is similar. Lithgow, Driscoll, and Phillips (2017) share such an amazing effort to
explain reproducibility problems in labs involving 100,000 worms and four years of effort, yet
they write “Despite more experiments and additional publications, we couldn't work out why the
labs were getting different lifespan results. To this day, we still don't know.” In contrast, in the
three examples shared above, it was exactly the same population, so the overestimates highlight
the risks of assuming observational data can be used to estimate treatment effects (causality).
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Other Examples

Here are some more examples
1. Clofibrate was used to treat elevated serum cholesterol levels, and growing in popularity,
before a randomized clinical trial showed that it increases mortality, resulting in the drug
being banned in several countries (Department of Clinical Epidemioology and
Biostatistics, 1981).

2. Workplace Wellness programs cover over 50 million workers and are intended to reduce
medical spending, improve productivity, and improve well-being. Of claims made by
115 prior observational studies, 83% were ruled out based on a large randomized
controlled experiment with over 12,000 employees (Carroll, 2018; Jones, Molitor, &
Reif, 2018). Here are several factors with their 95% confidence interval shown in green
for the randomized controlled experiment, and in purple if the same data is analyzed as an
observational study (the x-axis is the multiplicative treatment effect with the center “no
effect” indicating 1.0).

How the Illinois Wellness Program Affected . ..

Randomized controlled trial Observational study
Participation in
running events
Number of gym visits
Estimate

Ends employment
Hospital spending
Total medical spending

Half a=s Mo effect Twice as

much much

Source: What Do Workplace Wellness Programs Do? Evidence from the lllinois Workplace Wellness
Study

For example, participation in running events, such as a five- or ten-kilometer run, showed
a large increase from 3.3% to 9.2% in the observational analysis, but only 6.0 to 6.5% in
the randomized controlled experiment.
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