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1 Background

The movement to promote evidence-based medical care has spurred the development
of numerous clinical guidelines designed to help physicians incorporate insight from re-
search into their daily clinical practice. Medical guidelines provide simple rules based
on a small number of patient characteristics to determine which patients should be
treated. They inform clinicians of underlying evidence and constrain biases in heuristic
decision-making (Kahneman and Tversky 1972; Kahneman and Tversky 1973; McFad-
den et al. 1999). Yet critics worry that guidelines will lead to “cookbook medicine”,
where physicians adhere to guidelines even if it means neglecting otherwise important
features (Costantini et al. 1999; Basu et al. 2014). The widespread adoption of elec-
tronic medical records makes possible the use of more complex guidelines, mitigating
the concern that simple guidelines will mislead. However, whether guidelines can realize
substantial improvements in clinical outcomes is unknown and will depend on the qual-
ity of physician decisions absent guideline adoption, as well as how physicians integrate
guidelines into their decision-making.

In this paper, we study how guidelines impact physician behavior in the context of
the CHADS2 score, a widely used guideline for whether patients with atrial fibrillation
should receive anticoagulant (blood thinning) medication to prevent strokes (Gage et al.
2001). As shown in Table 2, the CHADS2 score was developed as an index of five vari-
ables that predict stroke risk, under the assumption that the benefits of anticoagulation
are proportional to baseline stroke risk (Boode et al. 2004). Because anticoagulation in-
creases the risk of dangerous bleeding, curbing prescriptions of anticoagulants to patients
with low expected benefit is an important clinical goal.

This research builds on earlier work on clinical decision making. Glazer et al. (2007)
find evidence of widespread non-adherence to the CHADS2 guideline, raising the ques-
tion of whether the guideline is influencing clinical practice. Abaluck et al. (2016) find
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that diagnostic imaging tests fail to target patients with the greatest clinical benefit,
suggesting that adoption of high quality clinical guidelines could substantially improve
health outcomes. Einav et al. (2019) show that marginal women who receive mam-
mograms at age 40 but not age 39 tend to be healthier and benefit less from screening
than trials would otherwise suggest; in other words, the benefits of guidelines depend
on which patients adopt. Building on this earlier work, our project will allow us to
assess whether stronger incentives to adopt guidelines would be beneficial. Specifically,
we need to understand both whether guidelines lead physicians to attend less to pa-
tient attributes not included in guidelines, as well as whether adopting physicians and
non-adopting physicians differ in their ex ante behavior.

Our project uniquely combines data on physicians’ guideline adoption and treatment
decisions with randomized control trial evidence on treatment effect heterogeneity. This
allows us to evaluate how physician decisions change when they start using guidelines —
we can see how non-adopters and adopters compare in their treatment decisions before
and after adoption, and we can use the trial data to evaluate the likely patient conse-
quences. Importantly, the trial data also allows us to estimate treatment effects as a
function of many more variables than existing guidelines (using a causal forest model).
This allows us to evaluate whether guidelines lead physicians to neglect otherwise im-

portant variables not covered by the guideline.

2 Guideline diffusion and estimation of heterogeneous treat-

ment effects

Using data scraped from physician notes in the Veterans Health Administration data
(VHA), we can pinpoint when physicians first mention the CHADS2 score in their clinical
notes. Although the CHADS2 guideline was first published in Gage et al. (2001), we
find almost no evidence of guideline use prior to 2007. As shown in Figure 1, the
CHADS2 guideline is mentioned in physician notes for fewer than 1% of patients with
atrial fibrillation in 2002, climbing to 11% of patients in 2014. The fraction of physicians
who have previously mentioned the guideline at least once also climbs steadily over the
same period, rising from fewer than 1% to 60%.

For our cohort of 132,000 VHA patients newly diagnosed with atrial fibrillation, we
use patients’ clinical history to construct their CHADS?2 score at the time of diagnosis
and track their subsequent prescriptions for anticoagulants. Overall anticoagulant pre-
scription rates are uncorrelated with clinical guidelines in the early years of the data,

but prescription rates drop for patients with low CHADS2 scores in the later years of



our sample. These trends are shown in Figure 2.

Physicians become more guideline adherent following their first observed mention of
the CHADS2 score: specifically, physicians become 8 percentage points (or 17%) less
likely to prescribe anticoagulation for patients contraindicated by the CHADS2 score.
For patients whose CHADS2 scores indicate they would benefit from anticoagulation,
we find no change in prescription rates before and after the doctor’s CHADS adoption.
These results are shown graphically in Figure 3,

To evaluate whether these changes improve patient outcomes, we combine the VHA
data with the Atrial Fibrillation Investigators database (hereafter, AFI data), a database
containing patient level observations for 12 randomized clinical trials in which patients
were randomized to anticoagulants versus a placebo or control.! This database includes
patient’s clinical characteristics at the time of randomization, patients’ randomized
treatment status, and subsequent stroke and bleed outcomes. Clinical characteristics in-
clude all variables underlying the CHADS2 score, as well as several additional variables
(i.e. laboratory values from common blood tests, further detail on past stroke events,
height, smoking status, and additional comorbidities and demographic variables).

While the AFI data has previously been analyzed (van Walraven et al. 2002; van
Walraven et al. 2009), variable selection has been ad hoc, and machine learning methods
have not previously been used to determine the best model of treatment effects given all
available variables. We estimate a causal forest model to determine the mean-squared
error minimizing predictor of stroke and bleed treatment effects for each patient as a
function of all available patient characteristics. We find that the CHADS2 score is highly
correlated with the causal forest model, although there is substantial residual variation
(an R? of 0.36). For example, the causal forest suggests that the single most important
variable in predicting stroke treatment effects is the recency of the last stroke, which is
not included in the CHADS2 score.

3 Evaluating the benefits of guideline use

We then use the estimated causal forest model (from the AFI data) to assess whether
the CHADS2 score improves treatment allocation (in the VHA data). Specifically, we
estimate a model where physicians make treatment decisions based on three factors:
the CHADS2 score; residual variation in causal forest treatment effects (orthogonal to
the CHADS2 score); and noise. Although patient age directly enters the CHADS2

score and is predictive of treatment effects—older patients have larger stroke reduction

! Anticoagulants includes both oral anticoagulants and antiplatelet therapy.



benefits—we find that doctors are less inclined to treat older patients, contravening the
guideline recommendation. Considerations unrelated treatment effects may discourage
physicians from prescribing anticoagulant to older patients. Because warfarin (the most
commonly prescribed anticoagulant in this population) interacts with patients’ diet and
other drugs, it requires regular blood work (typically 1-4 times per month) and possible
dosing adjustment. Adherence to this regime may be especially challenging for older
patients. Because of these possible clinical justifications for avoiding the treatment of
old patients, we control for age in this analysis and consider only variation in treatment
effects and CHADS2 score that is orthogonal to patient age.

We find that prior to adopting the CHADS2 score, physicians’ treatment decisions
are already somewhat sensitive to the component of treatment effects predicted by the
CHADS?2 score. Even before the codification and popularization of the CHADS2 score,
consensus expert recommendations emphasized the importance of the same clinical risk
factors in anticoagulant treatment decisions, though they did not explicitly apply them
in an algorithmic scoring tool. Following their first mention of the CHADS2 score,
physicians become more than twice as sensitive to the component of treatment effects
predicted by the CHADS2 score. Both before and after CHADS2 adoption, physicians’
treatment decisions are insensitive to the residual variation in treatment effects predicted
by the causal forest but orthogonal to the CHADS2 score. Further, we find no evidence
that physicians who eventually adopt the CHADS2 score were making better (or worse)
treatment choices prior to their first CHADS2 mention than non-adopting physicians
were at that time.

There are two potential ways in which CHADS2 score adoption could worsen pa-
tient outcomes. First, it may lead physicians to treat patients in a way that induces
more bleeds. Stroke risk is highly correlated with bleed risk in both the VA data and
the experimental data. By guiding physicians to treat patients with the greatest stroke
risk, the CHADS?2 score may inadvertently lead to treatment of patients who suffer the
most potential harm from anticoagulation due to bleeding risk. Second, by emphasizing
a handful of variables, the CHADS2 score may discourage physicians from consider-
ing other patient attributes that predict important variation in stroke reduction from
anticoagulants.

We find no evidence that guidelines induce harmful effects along either dimension.
In the trial data, we find that patients with larger stroke treatment effects from an-
ticoagulants (as opposed to baseline risk) have fewer induced bleeds. And in fact, the
CHADS?2 score succeeds in targeting these patients who are at low risk of induced bleeds.

Additionally, we find that physicians are largely insensitive to non-CHADS2 predictors



of stroke treatment effects both before and after adopting the guideline, suggesting the
guideline did not discourage physicians from considering important variables that they
were otherwise weighting in their decision.

These findings raise an important question: could better guidelines improve physi-
cian behavior further? To investigate, we simulate the effects of more comprehensive
guidelines which utilize all of the information in our causal forest estimates of the het-
erogeneous impacts of strokes and bleeds. We consider scenarios in which physicians are
as responsive to this new guideline as they are to existing guidelines, as well as scenarios
where physicians reallocate treatment within age categories by strictly ordering patients

according to the new guideline.

4 Discussion and lessons for guideline development

Finally, we consider lessons from our data for optimal guideline construction. In the
medical literature, it is commonplace to construct guidelines which recommend treat-
ment based on risk among untreated patients. Indeed, the CHADS2 score was developed
based on such evidence (Gage et al. 2004). While risk among untreated patients is
correlated with treatment effects, the relationship is not perfect. We compare the per-
formance of guidelines developed with the risk score approach to guidelines developed
using estimates of treatment effect heterogeneity. In addition, we consider the returns to
complexity in guideline construction, contrasting the performance of the best five-factor
scores to the full causal forest estimate.

This research suggests that evidence-based clinical guidelines have tremendous po-
tential to improve patient health outcomes. There are two primary pathways to increas-
ing the positive impact of clinical guidelines. First, increasing the adoption of existing
guidelines would improve treatment allocation in the setting we study. We find no evi-
dence that non-adopting physicians are higher skill or would otherwise experience lower
benefits of guideline use, and yet 40% of physicians have still not adopted guidelines
seven years after the first signs of guideline adoption among VHA physicians. Sec-
ond, new causal machine learning approaches to guideline development could markedly

improve guideline quality, further increasing the benefits of guideline adoption.
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5 Tables and Figures
Figure 1: Diffusion of the CHADS2 Score over Time
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Notes: This figure shows the fraction of patients whose physician notes mention the CHADS2
guideline, among the cohort of patients newly diagnosed with atrial fibrillation. Data is from
the Veterans Health Administration.



Figure 2: Trends in warfarin prescription rates over time by CHADS2 score
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Notes: this figure plots rates of warfarin prescription by CHADS2 score over time. CHADS2
scores below 2 predict low stroke risk, and CHADS?2 scores of 2 or greater predicted elevated
risk of stroke. Data is on 127,000 patients with atrial fibrillation treated by the Veterans Health
Administration.



Figure 3: Impact of CHADS2 adoption on warfarin prescription rates:
Comparison of high score to low score patients
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Notes: This figure plots the average rate of warfarin prescription separately for high CHADS2
(score of 2 or above) and low CHADS2 score patients (score of 0 or 1). Data are averaged over
6-month periods, for three years before and three years after the doctor’s first mention of the
CHADS?2 score in a note for any patient. Time period 0 marks the time of first CHADS2 score
mention by the patient’s physician. The plot shows how warfarin prescription rates for low score
patients decline around the time of their doctor’s first mention of the CHADS2 guidelines.
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Table 2: CHADS2 score guidelines

CHADS2 Stroke Risk Score

Congestive heart failure history +1
Hypertension history +1
Age = 75 years +1
Diabetes mellitus history +1
Stroke or TIA symptoms previously +2

Clinical recommendations

Score of 2 or greater: high risk of stroke, oral anticoagulation recommended
Score of 1: moderate risk of stroke, oral anticoagulation considered

Score of 0: low risk of stroke, no anticoagulation recommended

Notes: This table describes the CHADS2 score used to assess stroke risk among patients with
atrial fibrillation. It also describes anticoagulation guidelines based on this risk score.
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