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Introduction: Medication non-adherence remains a significant challenge in healthcare, impacting treatment outcomes and the overall 
effectiveness of medical interventions. This article introduces a novel approach to understanding and predicting medication non- 
adherence by integrating patient beliefs, efficacy expectations, and perceived costs. Existing theoretical models often fall short in 
quantifying the impact of barrier removal on medication adherence and struggle to address cases where patients consciously choose 
not to follow prescribed medication regimens. In response to these limitations, this study presents an empirical framework that seeks to 
provide a quantifiable model for both individual and population-level prediction of non-adherence under different scenarios.
Methods: We present an empirical framework that includes a health production function, specifically applied to antihypertensive 
medications nonadherence. Data collection involved a pilot study that utilized a double-bound contingent-belief (DBCB) question-
naire. Through this questionnaire, participants could express how efficacy and side effects were affected by controlled levels of non- 
adherence, allowing for the estimation of sensitivity in health outcomes and costs.
Results: Parameters derived from the DBCB questionnaire revealed that on average, patients with hypertension anticipated that 
treatment efficacy was less sensitive to non-adherence than side effects. Our derived health production function suggests that patients 
may strategically manage adherence to minimize side effects, without compromising efficacy. Patients’ inclination to manage 
medication intake is closely linked to the relative importance they assign to treatment efficacy and side effects. Model outcomes 
indicate that patients opt for full adherence when efficacy outweighs side effects. Our findings also indicated an association between 
income and patient expectations regarding the health of antihypertensive medications.
Conclusion: Our framework represents a pioneering effort to quantitatively link non-adherence to patient preferences. Preliminary 
results from our pilot study of patients with hypertension suggest that the framework offers a viable alternative for evaluating the 
potential impact of interventions on treatment adherence.
Keywords: medication adherence, patient preferences, health production, behavioral model, quantitative framework, treatment 
efficacy, side effects

Introduction
The lack of consistent adherence to prescribed medication regimens among patients with chronic conditions is 
a significant issue that affects more than half of this population. This challenge is closely associated with unfavorable 
health outcomes and substantial healthcare expenses.1–3 To illustrate, in the United States, medication non-adherence is 
linked to estimated 125,000 preventable deaths annually, along with $100 billion in avoidable medical costs.1,4–7 This 
problem arises because of a combination of factors spanning patient behavior, healthcare providers, and health systems, 
necessitating comprehensive interventions across multiple levels.8–10
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Given the critical nature of medication non-adherence, extensive research in health psychology and microeconomics 
has sought to assess and mitigate this concern through evidence-based medication adherence interventions.10–23 A review 
of the literature reveals several prevailing theoretical models used in medication adherence literature have been 
developed over the past few decades.

Commonly Applied Theoretical Models
Health Belief Model postulates that the likelihood of continuous medication taking increases if the perceived threat of illness 
from non-adherence is high, the benefits are greater than the barriers to taking medications, and cues to action (eg reminders) 
are in place.24 The Theory of Planned Behavior suggests that an individual’s intention to persist with medication taking 
increases if the perceived consequences are high (ie, attitudes towards behavior and outcome expectancies are positive), they 
have strong positive beliefs about what others expect (perceived social norms), and they perceive a high level of personal 
control/self-efficacy with regard to persisting, even when facing barriers. This depends on their perception of internal (eg, 
knowledge) and external resources (eg, social support).16 Integrated Behavior Model illustrates that different factors explained 
by the Theory of planned behavior, Theory of reasoned action and Information Integration Theory lead from behavioral intent 
to performing a behavior-like medication taking.25 Measures used in these theoretical models mostly assess intention to be 
adherent.26 However, these models fall short of fully addressing the intricate process of quantifying the anticipated level of 
adherence resulting from individual patients’ decisions when obstacles to adherence are lessened. In medication adherence, 
self-efficacy is generally described as people’s beliefs about their capabilities (how people feel, think, motivate themselves, 
and behave) to produce designated levels of adherence to treatment.12 While qualitative research methods can provide insights 
into self-efficacy, they are limited in their ability to quantify the intricate “mental model” that underlies this construct. 
Economic theories may assist in developing a quantitative analytical framework to describe and test how people think about 
medication adherence, motivation to adhere and actual adherence.

Health economists have long applied microeconomic theories of choice behavior to health decisions and policies.27 

These theories posit that patients approach health production in a manner akin to other goods or services while expressing 
preferences regarding the quantity and quality of the health outcomes.28

As with other microeconomic models, health behavior can be assumed to be driven by the intersection of what can be 
produced and what people wish to produce. While random utility theory has opened the door to the quantification of 
utility as a result of systematic choices between alternatives,19,20,22,23 a similar framework does not exist for the 
quantification of health production in the context of treatment non-adherence. The lack of such a framework limits the 
use of health-preference information as conventionally applied in health-preference research. Crucially, these micro-
economic principles overlap with aspects of the frameworks more commonly used to describe treatment non-adherence, 
like changes in the importance of treatment benefits or barriers.

A Microeconomic Framework for the Estimation of Treatment Adherence
In microeconomics, the relative importance of the outcomes is often defined using utility functions. The utility of 
outcomes is endogenous to the individual, and defines the impact that outcomes have (or are expected to have) on patient 
well-being. Utility functions define the relative importance of outcomes and their exchange rate as compensatory 
attributes that can offset each other in a way that leaves people indifferent between them. For example, increasing the 
cost of treatment (financial, time commitments, and health payments such as adverse events or risk exposure) might be 
offset by improvements in efficacy, as people are willing to pay a higher cost for better treatment outcomes.27,28

Utility functions are standard tools in microeconomic theory and allow us to characterize “indifference” curves, 
where different costs and benefits yield the same level of well-being. Thus, individuals are expected to be indifferent to 
any point on the curve. However, different curves are associated with different levels of well-being, and people are better 
off moving to indifference curves associated with higher levels of utility. Figure 1 presents an example plot of the various 
indifference curves between treatment benefits and costs.

Utility functions can be estimated through stated-preference or revealed preference methods based on random-utility 
theory.29 On the production side, health outcomes often represent complex relationships that involve the specifics of the 
disease, treatment mechanism of action, pharmacokinetics, titration effects, baseline patient conditions, and more. Ideally, 
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patients and clinicians’ understanding of these relationships would be sufficient to describe a clinically factual production 
function for each patient; however, in the real world, this is almost never the case. Having that much information would be 
costly in terms of collecting evidence and transferring that knowledge to physicians and patients in the clinical setting. The 
challenges of accomplishing such transfers are compounded by the observed inertia and “switching costs” in healthcare.30–35

Health decisions are often based on limited information about the outcomes that patients can experience. Given this reality, 
the specifics of health production through treatment are largely endogenous to the patients. This is particularly true 
in situations where little to no clinical evidence is available, such as specific changes in outcomes when patients are not 
adherent to treatment. Thus, health production is arguably a mental construct that depends on patients’ expectations of 
treatment and their associated outcomes. We propose operationalizing the estimation of individual health production functions 
by eliciting sufficient information from patients to estimate this mental construct as a function of treatment adherence.

Note that this function may be informed by clinical evidence, but it corresponds to patients’ perception of the 
implications of clinical evidence in the real world. It is also potentially related to patients’ experiences with treatment and 
the information they receive from others around them, thereby associated with the processes of adherence (initiation, 
implementation, persistence, and discontinuation).3

We formalize the definition of health production functions by positing that patients craft a mental model of health 
production under scenarios that are not covered by interactions with their physicians or by the clinical evidence available 
to them. This function relates the benefits of health behaviors to the costs associated with achieving such benefits. In its 
simplest and most broadly applicable form, health production is defined as follows:

H=f(C) Where H is some level of health and f(C) is a continuous function that transforms costs into health outcomes. The 
first derivative of this function, fʹ(C) defines the exchange rate between health gains and costs as perceived by the patient.

We can define an optimality condition in which the cost of producing health always accomplishes its maximum 
potential by defining equation S as follows:

Given the assumption that patients will receive the full health benefits they expect from a particular level of treatment 
costs, this equation will always be zero. Thus, S was defined as both zero and as f(C)-H

We can now expand this definition to explicitly account for treatment adherence by making both health production 
and cost a function of adherence (A).

Taking the derivative of S with respect to A, yields the following:

Figure 1 Indifference Curves for Treatment Benefits and Cost.
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Where

We also know that S is always zero. Hence, we know dS
dA must equal zero because no change in the value of S is allowed 

by definition. Thus:

This results in the following:

In other words, under the optimality condition defined above, for a given cost level, the marginal change in health based 
on cost is the ratio of the marginal change in health with treatment adherence to the marginal change in cost with 
treatment adherence.

We can then integrate 
dH
dA
dC
dA 

with respect to A to recover a healthy production function. The integration of this ratio depends on 
the assumed functional forms of H and C. In the simplest case, these functions can be assumed linear with the reduced form of 
f C Að Þð Þ ¼

β
γ A, where β and γ are the marginal effects of adherence on health outcomes and costs, respectively.

A general way to characterize the functional specification of f(C) would be to assume a polynomial function for both 

the health (H) and cost (C) functions. In this case, the general form of 
dH
dA
dC
dA
¼

∑I
i¼1 βiAi� 1

∑K
k¼1 γkAk� 1, where f Að Þ ¼

ð
∑I

i¼1 βiAi� 1

∑K
k¼1 γkAk� 1dA as the 

reduced form of f(C(A)).

Production and Utility Working Together to Define Adherence Levels
While the form of the health production function for any given population is in fact the empirical question of interest, one can 
consider example cases (Figure 2) to evaluate their implication on patients’ expected adherence behavior. This function relates 
cost and health, with the latter representing a general health indicator that decreases whenever an individual experiences health 
problems, as depicted by a reduction in health from point A to point B in the Figure Increasing health to its original level is 
assumed to be only possible with some cost C’, as described by the production function to point C.

In this stylized example, we allow the production function to be globally concave, convex, or linear. Each type of 
production function has different implications for the expectation of non-adherence. A globally concave health produc-
tion function implies that costs increase along with the health benefits. In other words, treatment adherence increases 
costs faster than health benefits. In a globally convex production function, health increases faster than cost. In other 
words, every additional unit cost results in greater change in health. Finally, a linear production function may exist, 
implying that health and cost increase at a constant rate.

To explain the implications of the health production function, imagine a patient at point A (Health0) (Figure 3) when they start 
experiencing an illness or are diagnosed with chronic illness. This reduces their health to point B (Health1) and requires cost C’ to 
achieve full recovery to Health0 or to control the illness, as in the case of chronic conditions. However, microeconomic theory 
states that decision makers also consider the relative importance of each unit of cost and the benefit derived from expending that 
cost. The relative importance is characterized by the slope of the indifference curve, as shown in Figure 3. Note that the highest 
level of utility achievable with any combination of health and costs on the health-production function is at point D, where the 
slope of the indifference curve (ie, the relative importance of the outcomes) equals the slope of the production function. At this 
point, the patient is not willing to commit to the full cost C’ to achieve a Health0. Instead, they settle for a new lower health level 
associated with a marginal cost that matches the value obtained from treatment (point D). Beyond this point, the marginal cost of 
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achieving better health outcomes increased faster than expected. Only in situations in which patients consider the additional 
health benefits to be very important relative to the cost will they be expected to be fully adherent to treatment.

Based on the expectation that patients will gravitate towards the health production point that maximizes their utility, one can 
equate the slopes of the health production function and indifference curves to approximate the level of A expected from the 
patients.

Case Study: Estimating Population-Level Health Production Model for Antihypertensive 
Non-Adherence

Methods
We conducted a pilot study involving a convenience sample of people living with HIV who were virally suppressed for 
>2 years, a proxy for optimal HIV medication adherence at the Duke University Medical Center. To be eligible, 

Figure 2 Three examples of Health-Production Functions.

Figure 3 Production and Utility Working Together to Define Adherence Levels.
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participants had a diagnosis and were taking medications for hypertension and hyperlipidemia. Eligible individuals were 
identified from the electronic medical record and were approached by a study coordinator to obtain informed consent. 
After completing written informed consent, they completed a survey administered using the Research Electronic Data 
Capture (ie, REDCap)36 data management system. Participants received $25 for their participation in the study.

Data were obtained on participants’ characteristics, and we used double-bounded dichotomous contingent-response 
questions to assess willingness to pay (level of non-adherence) for treatment efficacy and the intensity of side effects of 
antihypertensive and lipid lowering medication.37 Double-bounded dichotomous-choice (DBDC) questions have been 
shown to increase the efficiency of willingness to pay estimates and are commonly used in health-preference research.38– 

41 We applied this question format to elicit the point at which respondents thought non-adherence would compromise 
treatment efficacy (health) and side effects (cost). With this format, we asked respondents to state whether they thought 
a given level of treatment non-adherence would affect treatment efficacy. If a respondent stated that they did not think the 
level of treatment non-adherence would affect efficacy (or that they were not sure), a subsequent question was asked 
whether a higher level of non-adherence would affect efficacy. If the respondents thought that the first level of non- 
adherence indeed affected treatment efficacy (health), they were asked whether a lower level of non-adherence would 
also affect treatment efficacy. Figure 4 shows the contingent patterns for the questions, and the same types of questions 
were asked regarding the level of non-adherence to the intensity of the side effects of medications. Although participants 
of the pilot study were taking HIV, lipid lowering and antihypertensive, for this article, we only analyzed data for 
antihypertensive medications non-adherence behavior.

The first question asked whether skipping antihypertensive medication once a week (~52 times a year) or 85% 
adherence would increase the likelihood of adverse cardiovascular events (stroke or heart attack). Depending on the 
response to the first bid, the level of non-adherence increased to twice a week (~104 times a year); 71%) or reduced to 
once a month (~12 times a year; 97%). This exercise was repeated to determine the sensitivity of the intensity of side 
effects too.

To analyze these responses, we used two bivariate probit models (one for efficacy and one for side effects, 
respectively) that regressed the dichotomous variable signaling whether the respondent stated that a particular frequency 
of non-adherence would affect efficacy and side effects (ie, the respondent answered “yes” to each DBDC question).37 

The model specification included linear and quadratic terms of the frequency of non-adherence. We evaluated the 
significance of the results at the 95% confidence level.

The results from the bivariate probit model were interpreted as a function that describes the effect of non-adherence 
on treatment efficacy and cost in the form of side effects. A bivariate probit assumes that the data-generating process 
induces a normally distributed error on our measurement of the sensitivity of efficacy and side effects to non-adherence. 
Furthermore, the model recognizes the conditional nature of our “bidding” structure for the number of times we asked 
respondents to assume they would be non-adherent to treatment and estimates a correlation parameter across efficacy 
questions and separately across side-effect questions. We used these results to derive the health production function by 
calculating the marginal effect of each unit of adherence on treatment efficacy and side effects (costs).

Figure 4 Pattern in Contingent-Response Questions on Levels of Medication Nonadherence.
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Finally, we generated interactions between several respondent-specific characteristics and the frequency of non- 
adherence. These interactions were included in the bivariate probit models to assess the degree to which health 
production functions differed systematically according to respondents’ age, gender, and income.

Ethical approval for this study was obtained from the Duke University Institution Review Board. This study was 
conducted in accordance with the principles of the Declaration of Helsinki.

Results
In the pilot project, data were obtained from 39 participants. Appendix A shows a summary of the characteristics of 
respondents. Average respondent ages were 57.9 years (SD 9.7 years). Most respondents were male – 81.6%; n = 32, and 
about 40% (n = 16) of respondents reported having an annual household income above $50,000.

Figures 5a and b summarizes the distribution of responses to the DBCB questions. The majority (64%; n = 25) 
reported that missing antihypertensive medications once per week would increase the chance of experiencing a heart 
attack or stroke, and about half of those who believed that missing once a week would not increase the likelihood of 
a heart attack or stroke reported that missing twice a week would increase the likelihood of heart attack or stroke 
(Figure 5a). Regarding treatment side effects, the majority (59%; n = 23) reported that one missed dose would not affect 
the intensity of side effects. Among those who did not think that missing a dose once a week would decrease the intensity 
of side effects, the majority still thought that missing data twice a week would not affect the intensity of side effects 
(63%; n = 23) (Figure 5b).

We estimated the marginal effect of non-adherence on the efficacy and intensity of the side effects of antihypertensive 
medications. Table 1 shows the estimates from the bivariate probit models for the efficacy model (H) and side-effects 
model (C). Specification tests for each function showed that the efficacy model was best described using a linear and 
quadratic effect for the frequency of non-adherence, whereas the side-effects model was better defined by the linear effect 
only.

Given these functional forms for H and C, f Að Þ ¼ β1
γ1

Aþ β2
2γ1

A2, where β1 is the parameter estimate for the linear 
effect of non-adherence on treatment efficacy, β2 is the estimate for the quadratic effect, and γ1 is the estimate for the 
linear effect of non-adherence to medication side effects.

Figure 5 (a) Distribution of responses stating that treatment efficacy is compromised by level of non-adherence. (b) Distribution of responses stating that treatment side 
effects are affected by level of non-adherence.
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We calculated the population-level health production function based on changes in treatment adherence (Figure 6). 
The resulting health production function was concave, suggesting that our study participants’ beliefs about the impact of 
non-adherence on treatment outcomes put them at risk of being non-adherent. A concave function suggests that patients 
would be expected to have relatively lower treatment initiation hurdles but would likely find the cost of treatment 
adherence to increase more than expected health gains. Thus, full adherence, given this perception, would be expected to 
be the exception, not the rule, and most of those who perceive much greater value in the prevention of cardiovascular 
disease outcomes than the reduction in the intensity of treatment side effects.

The interaction terms for age and sex were not statistically significant at the 95% confidence level. However, 
interactions with income were significant. Figure 7 presents the derived health production functions for respondents 
who reported having less than $50,000 in yearly household income and those with at least that amount. As presented 
in the figure, we estimated that respondents with at least $50,000 had nearly linear health production functions. 
Meanwhile, they appeared to be much less optimistic about their ability to produce health benefits through 
antihypertensive medications.

Table 1 Regression Results for Efficacy (H) and Intensity of Side Effects (C) Functions (N = 39)

Efficacy Side Effects

Coef. SE Coef. SE

Frequency of non-adherence (linear) 2.0E-02 4.7E-03 8.9E-03 2.5E-03

Frequency of non-adherence (quadratic) −2.5E-04 7.2E-05

Correlation across questions (Rho) −0.42 0.41 0.42 0.26

Log likelihood −40.39 −39.54

Figure 6 Expected Health-Production Function (Mean and 95% CIs) for Antihypertensive Medication Nonadherence.
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Discussion
The framework proposed in this study offers a valuable tool for evaluating medication non-adherence and its intricate 
relationship with treatment beliefs. Our framework also relates patient preferences and expectations between health 
production costs and achievable health to determine the level of adherence to medications expected under rational 
decision-making. In this sense, the framework derives non-adherence as a natural consequence of having patients’ well- 
being goes beyond health outcomes and identifies the conditions under which adherence is more likely or expected. 
Intriguingly, our framework suggests that full adherence emerges as an exceptional scenario, arising when health 
production is relatively “inexpensive”, or the relative value of health outcomes achieved via adherence is notably high.

To operationalize this concept, we used an innovative elicitation format that allowed the estimation of health 
production functions by gauging sensitivity thresholds across treatment benefits and costs. Despite being a proof of 
concept, we demonstrated how the proposed method can effectively estimate intricate health production functions with 
relatively small samples. We also demonstrated how the statistical analysis of the data generated using this method is 
suitable for identifying systematic variations in patients’ mental model for health production with treatment. In our 
example, we were able to distinguish health-production expectations by respondents’ income.

Our results with patients taking antihypertensives indicate that they exhibit beliefs about producing health that is 
consistent with partial adherence to treatment. The average respondent assumed a concave health-production function in 
which the cost of producing each unit of health increases with adherence. However, it is important to note that an 
assessment of expected non-adherence depends on the knowledge of the respondents’ preferences, which we did not 
elicit in our application.

Respondents’ income appears to be correlated with patients’ expectations of health production with antihypertensive 
medications. Respondents who had a household income at or above $50,000 per year, were more likely to have a less 
concave and less steep production function than those making less than $50,000 per year. It is worth noting that although 
a linear production function might make respondents less susceptible to non-adherence, the overall slope of the function 
for this group also suggests a higher risk of non-adherence. This is because patients who expect higher average costs for 
adhering to treatment would need to have preferences that consider health outcomes relatively more important than those 
costs to adhere fully to treatment.

Figure 7 Expected Health-Production Function (Mean and 95% CIs) for Antihypertensive Medication Nonadherence by Respondent Household Income.
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These findings should be interpreted in light of the study’s limitations. We did not evaluate the appropriateness or 
universal applicability of the levels of non-adherence in the DBDC questions prior to fielding the survey instrument. This 
may have implications on participants’ ability to provide meaningful signals about their beliefs on how non-adherence 
affects treatment efficacy and side effects. Finally, this was a pilot study conducted at a single health system with 
a convenience sample for a specific patient population in the United States. Thus, our results are not considered 
generalizable. Nonetheless, the proposed framework provides a way to explain non-adherent behavior by quantifying 
patient expectations about their ability to gain health through treatment as well as their ability to manage treatment side 
effects through non-adherence. Consistent with other methods to evaluate treatment non-adherence, our framework offers 
a way to link treatment expectations to patient preferences in a way that can help quantify patients’ risk of non- 
adherence.

Future research can leverage this tool to evaluate and test mechanisms and the underlying motivations for non- 
adherence. A comprehensive understanding of how beliefs are formed, altered and influenced by external norms also 
warrants further exploration.
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