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BACKGROUND: Only half of hypertensive adults achieve
blood pressure (BP) control in the United States, and it is
unclear how BP control rates may be improved most ef-
fectively and efficiently at the population level.
OBJECTIVE: We sought to compare the potential effects
of system-wide isolated improvements in medication ad-
herence, visit frequency, and higher physician prescrip-
tion rate on achieving BP control at 52 weeks.

DESIGN: We developed a Markov microsimulation model
of patient-level, physician-level, and system-level process-
es involved in controlling hypertension with medications.
The model is informed by data from national surveys,
cohort studies and trials, and was validated against two
multicenter clinical trials (ALLHAT and VALUE).
SUBJECTS: We studied a simulated, nationally represen-
tative cohort of patients with diagnosed but uncontrolled
hypertension with a usual source of care.
INTERVENTIONS: We simulated a base case and im-
provements of 10 and 50 %, and an ideal scenario for
three modifiable parameters: visit frequency, treatment
intensification, and medication adherence. Ideal scenari-
os were defined as 100 % for treatment intensification and
adherence, and return visits occurring within 4 weeks of
an elevated office systolic BP.

MAIN OUTCOME: BP control at 52 weeks of follow-up was
examined.

RESULTS: Among 25,000 hypothetical adult patients
with uncontrolled hypertension (systolic BP > 140
mmHg), only 18 % achieved BP control after 52 weeks
using base-case assumptions. With 10/50 %/idealized
enhancements in each isolated parameter, enhanced
treatment intensification achieved the greatest BP control
(19/23/71 %), compared with enhanced visit frequency
(19/21/35 %) and medication adherence (19/23/26 %).
When all three processes were idealized, the model pre-
dicted a BP control rate of 95 % at 52 weeks.
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CONCLUSION: Substantial improvements in BP control
can only be achieved through major improvements in
processes of care. Healthcare systems may achieve
greater success by increasing the frequency of clini-
cal encounters and improving physicians’ prescribing
behavior than by attempting to improve patient ad-
herence to medications.
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INTRODUCTION

Hypertension is the most prevalent risk factor for cardiovas-
cular disease nationally and internationally." Achieving blood
pressure control (BP) in patients with hypertension reduces the
risk of stroke and ischemic heart disease.” ™ Despite ever-
increasing public health resources dedicated to improving
BP control,”” only half of the 78 million Americans with
hypertension have their BP treated and controlled to the rec-
ommended value of below 140/90 mmHg.® Under new BP
targets recommended by the Panel Members Appointed to the
Eighth Joint National Committee (JNC 8),” BP is controlled in
less than 60 % of hypertensive patients overall, and in less than
50 % of patients younger than 60 years of age.'®

Barriers to hypertension control occur at the levels of the
patient, physician, and health system, and include insufficient
access to high-quality care, physician and patient reluctance to
intensify treatment for uncontrolled BP (i.e., inertia), and
medication nonadherence. The relative importance of these
different barriers is poorly understood, and is not systemati-
cally addressed by INC 8.7 Although many different types of
interventions have been shown to improve BP control in the
population,'" there is little evidence on how population control
rates can be improved most effectively and efficiently. Several
clinical trials and integrated healthcare systems such as Kaiser
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Permanente and Veterans Health Administration have
achieved high BP control rates (76-80 %) by implementing
multicomponent interventions, including improved access to
quality care and medication-intensification protocols.'*'?
However, quality improvement efforts in other clinical settings
have failed to achieve similar success.” A better understanding
of the expected relative effectiveness of different types of
interventions could inform public health efforts and facilitate
a more cost-effective use of resources.

Microsimulation models can be used to project the potential
population-level effects of healthcare interventions.'* We de-
veloped the Blood Pressure (BP) Control Model as a tool to
evaluate and compare the impact of patient-level, physician-
level, and system-level interventions designed to improve
management of hypertension across the U.S. adult population.
The model integrates evidence from published observational
and experimental studies with analyses of national survey
data. We validated the model against two large hypertension
control trials and then used the validated model to examine the
effects of isolated improvements in three key parameters:
frequency of clinic visits, the probability of treatment intensi-
fication at any visit where the recorded blood pressure is
elevated, and medication adherence.

METHODS
Conceptual Framework and Model Structure

We developed the BP Control Model, an individual-level,
state-transition Monte Carlo microsimulation model that sim-
ulates the basic sequence of healthcare processes involved in
management of hypertension (Fig. 1). In each weekly cycle,
individual patients may make a visit where blood pressure is
measured (accounting for error/variability), the physician may

prescribe a medication (with randomly varying systolic BP-
lowering effect), and the patient may become nonadherent to
the last medication added. The base model uses the National
Health and Nutrition Examination Survey (NHANES) study
sample and incorporates NHANES sampling weights to sim-
ulate population of US adults with diagnosed but uncontrolled
hypertension and a usual source of care. Key parameter inputs
were derived from literature review and analyses of national
survey data (Table 1). The model tracks systolic BP (SBP)
over time, medication intensification steps, SBP-lowering ef-
fects from each intensification, and nonadherence events. The
primary outcome for this analysis was BP control (percentage
of patients with SBP < 140 mmHg) at the end of 1 year.

Definitions and Sources for Model Inputs

We combined data from the Medical Expenditure Panel
Survey (MEPS, 2003 to 2005), NHANES 1998 to 2008, and
a previously reported multivariable visit interval analysis from
an observational cohort study'” to estimate the frequency of
clinic visits for persons with a usual source of care. Visit
frequency varied by whether the patient had an elevated blood
pressure, and whether a new medication had been prescribed
at the most recent visit. Each visit represents an opportunity to
measure blood pressure and intensify treatment. Physicians
make management decisions based on BP measurements
obtained during office visits. These measurements in-
clude true intra-individual BP variability over time, as
well as random error in measurement. In order to sim-
ulate this complexity, we first modeled the “True SBP”
using measurements from the NHANES data set. The
“Office SBP” was then modeled by adding a random variabil-
ity component to the True SBP derived from the distribution of
visit-to-visit SBP variability observed in the European
Lacidipine Study on Atherosclerosis.'®

Adherent to
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Treatment Medication medication
intensified effect
Uncontrolled Non-
BP Adherent to adherent to
index index
medication medication
No treatment
Office visit BP intensification
measurementt f_\Non-
i adherent to
N ol Adherent to index
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source of care medication J—
No office Bpe
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Figure 1. Model structure showing events that may occur in each weekly cycle. This figure represents the conceptual framework and model
structure showing patient-level, physician-level, and system-level processes that are essential to controlling hypertension with medications.
Abbreviations: HTN hypertension, BP blood pressure. * SBP < 140 mmHg.
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Table 1. Key Inputs, Parameters, and Sampling Distributions for Base-Case Model

Key input formulation parameter Sampling Sampling Sampling basis * Data source
distribution distribution
mean + se variability
(10-90 %)*
Visit frequency (Pr(Visit))° Medical Expenditure Panel Survey
If SBP heasurea < 140 mmHg: Pr(visit) = 1/ i, (MEPS); National Health and
i, = Mean interval to the next visit among 16.9° 9.2-26.5 Individual Nutrition Examination Survey
persons with BP < 140 mmHg (NHANES); Turchin 2010'";
See Online Appendix
If SBP heasured > 140 mmHg: Pr(visit) =
1/ [iy- «(SBP-151) — BTx]°
i, = Mean interval to the next visit, in weeks, 14.8+£0.16 3.3-30.0 Weekly cycle
among persons with SBP = 151 mmHg and no
treatment intensification
o = SBP coefficient, where SBP = SBP, casured at 0.051 0.030-0.070 Weekly cycle
the last visit
3 = Treatment coefficient, where Tx = 1 or 0 2.1 1.2-2.9 Weekly cycle
depending on whether a medication treatment
intensification occurred at the last visit
Measured office SBP (SBP casured) European Lacidi}‘i)ine Study on
SBP 1 casured = SBPirue £ VVV Atherosclerosis'>'#; See Online
Appendix
VVV = Visit-to-visit SBP variability, mmHg 8.6 59-11.2 Visit
Treatment Intensification (TI) Analysis of the National
If SBPpeasured < 140 mmHg: Pr(TI) = 0 Ambulatory Care Survey
(NAMCS) 2005 to 2009';
See Online Appendix
If SBP heasured > 140 mmHg: log-odds(TI) =
« + B(SBP — 150) — y*meds - 6*(age-50)
o« = log-0odds(TI) in a 50-year-old person on no 1.944+0.19 1.7-2.19 Visit where
current blood pressure medications when SBP 1 casured =
SBP,casured = 150 mmHg (equivalent to 12.6 % 140 mmHg
probability)
3 = SBP coefficient, where SBP = SBP | casured 0.027+0.003 0.023-0.032 Visit where
at the current visit SBP heasured =
140 mmHg
v = Medication coefficient, where meds = number 0.66+0.06 0.59-0.74 Visit where
of previous treatment intensification steps received SBP 1 easured =
140 mmHg
5 = Age coefficient, where age = age at the time 0.014+0.003 0.010-0.018  Visit where
of the visit, in years SBP heasured =
140 mmHg
Treatment effect (E), mmHG ¢ Meta-analysis of 147 randomized
E =Ey + 0.104(SBPyye — 150) antih}/})ertensive medication
trials’ ; See Online Appendix
Ey = Treatment effect, in mmHg of SBP reduction, 8.9°+0.008 34-15.6 Treatment
for one medication treatment intensification step in Intensification

patients with SBP,. = 150 mmHg at the time of
the current visit
Adherence, (Pr(persistence))®

If £52 weeks or an additional medication intensification
step has occurred: Pr(persistence) = 100 %

If <52 weeks and no additional medication
intensification steps: Pr(persistence) = P,

Vrijens 2008'7; See Online
Appendix

Py = Probability of persisting with a medication 98.7499.3 % - -

each week

SBP Systolic blood pressure, SBP ,cqsurea Office SBP measured at a visit and available for use in clinical decision-making, SBP,,,,. True SBP that is a
cause of disease, modified by treatment, and measured with error at visits, Tx treatment intensification (ves=1, no=0), N/A not applicable, because the
parameter value is constant and not sampled from a distribution

“In order to simulate between-person and within-person variability, most parameters are sampled from a distribution within each 25,000-person
simulation. The Sampling Distribution Variability (10-90 %) describes the degree of variability, and Sampling Basis refers to the timing and frequency
with which the sampling occurs during the simulation.

bFor probabilistic sensitivity analyses, we added parameter uncertainty (presented here as the standard error of the mean for that parameter) in 500
“outer loop” iterations (each with 25,000 hypothetical patients) for several key parameters; see Methods for details

“Visit Frequency is defined as the probability of making an office visit in any given week, or Pr(visit)

dReduction in SBP . from one treatment intensification step, which is assumed to be equivalent to adding one drug at half the standard dose'”
“Adherence is assumed to refer to persistence in the use of a medication (rather than “execution”, which is the % of pills taken during use), and is
modeled on a weekly basis such that persistence at 1 year = 50 %.'” Online Appendix

When the physician observes an elevated Office SBP (de-
fined in the base case as SBP > 140 mmHg), she may increase
the dose of the existing medication or add a new medication

(“treatment intensification”). The probability of treatment in-
tensification was estimated from a published analysis of visit-
based physician prescribing using the National Ambulatory
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Medical Care Survey'’(see Appendix) that accounts for the
higher likelihood of a prescription with fewer current BP

medications, higher measured SBP, and younger age (Table 1).

True SBP is then reduced when a treatment intensification
event occurs. The degree of SBP reduction for any given
treatment intensification event is simulated by sampling from
a distribution of treatment effects for adding one medication at
half-standard dose derived from a meta-analysis of 147 ran-
domized antihypertensive drug trials.'®

In the interval between visits, a patient may discontinue the
BP medication, with the resultant reversal of any gains
achieved from the last treatment intensification. Medication
adherence is comprised of “execution”'” (taking 100 % of
medication doses as prescribed) and “persistence” (ongoing
use of the medication).'” Based on an analysis of 21 phase IV
clinical trials of antihypertensive medications,”® we assumed a
50 % persistence at 1 year in the base case. We assumed that
imperfect execution (i.e., missed doses) is captured in the
average treatment intensification effect and did not separately
model this parameter.

The Online Appendix provides additional detail on the
methods, parameters, and derivations thereof.

Model Validation

We validated the model against the intervention arms of two
large, multicenter clinical trials: the Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial
(ALLHAT)*' and the Valsartan Antihypertensive Long-term
Use Evaluation (VALUE).”” For the purpose of the validation,
we generated hypothetical ALLHAT and VALUE study pop-
ulations by sampling from NHANES participants with hyper-
tension in survey years corresponding to the trial’s study
period, applying study inclusion and exclusion criteria, and
then adjusting NHANES survey weights in order to approxi-
mate the mean and standard deviation of the baseline SBP
distribution reported in each of the two clinical trials. In the
first cycle of the simulation, we discontinued all pre-
randomization BP medications and used the equation for
medication effect described above to estimate the SBP prior
to starting any study medication. We then modeled the trial
interventions by modifying our base case assumptions for visit
frequency and treatment intensification to match the protocol
and reported visit frequency and treatment intensification for
each trial (Table 2; see Online Appendix for details). We then
compared the simulated results to the BP control rates ob-
served in the trials. Base case assumptions for all other param-
eters, including medication adherence, medication dose effect
size, and SBP visit-to-visit variability, were not modified for
the purpose of the validation.

Model Application: 1-Year Simulation
of Interventions to Control BP

We simulated three interventions to improve BP control
in the base-case population: visit frequency, treatment

intensification, and medication adherence. After estimating
BP control with base-case values, we estimated the impact of
10 % improvement, 50 % improvement, and an “idealized”
scenario for each parameter, defined as: A return visit occur-
ring within 4 weeks of an elevated office SBP; 100 % treat-
ment intensification at every visit with an elevated Office SBP;
and 100 % adherence. We chose 10 and 50 % scenarios to
represent a marginal and significant improvement, respective-
ly. We then simulated three combination interventions in
which we combined 1) 10 % improvements, 2) 50 % improve-
ments, and 3) “idealized values” for all three parameters.

We incorporated the variability in most parameters into each
simulation iteration—in the “inner loop”—at the level of the
individual patient, weekly cycle, or visit, to capture the many
stochastic and random processes that occur during the process
of BP control (Table 1). This inter-individual variation is
counterbalanced, to some extent, by the large hypothetical
sample size we chose (25,000), which stabilizes population-
level results, such as the BP control rate. To estimate impreci-
sion in our results from parameter uncertainty, we performed a
probabilistic sensitivity analysis incorporating variation in
several key parameters in 500 “outer loop” iterations (each
with 25,000 hypothetical patients), and present the 95 % con-
fidence interval of the BP Control difference from this sensi-
tivity analysis in our results. Parameter uncertainty incorpo-
rated into the probabilistic sensitivity analysis is presented in
Table 1 as the standard error of the sampling distribution
mean.

We used TreeAge software (TreeAge Software, Inc.) for all
simulations.

RESULTS

The NHANES-derived hypothetical ALLHAT and VALUE
study populations closely matched the actual trial study pop-
ulations in terms of age and blood pressure distribution.
Model-predicted BP control rates were similar to observed
control rates in the intervention arms of the respective studies
at 1 year (58.7 % simulated vs. 55.1 % observed in ALLHAT
and 56.2 % simulated vs. 52.2 % observed in VALUE;
Table 2).

Using base case assumptions and the NHANES-derived
sample of persons with uncontrolled hypertension in the US,
the model predicted that 18 % of uncontrolled hypertensive
patients with a usual source of care would achieve BP control
at 52 weeks. Control rates were higher among men, young
adults, those not on BP medications at baseline, and patients
with lower baseline SBP (Table 3).

Simulated interventions leading to improvements in visit
frequency, treatment intensification and adherence led to
higher control rates (Table 4). An isolated 10 % improvement
in each of these parameters produced small improvements in
BP control. Fifty percent improvements in each of the param-
eters achieved higher rates of BP control (21, 23, and 23 % for
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Table 2. Model Validation Comparing Simulated and Observed BP Control Rates for ALLHAT and VALUE Clinical Trials

ALLHAT

VALUE

Study characteristics

Design

Inclusion criteria

Duration of follow-up

A randomized, double-blind, active-controlled clinical
trial of 33,357 high-risk adult patients with
hypertension in 623 North American centers
comparing the effects of Chlorthalidone, Amlodipine,
and Lisinopril on reducing cardiovascular outcomes
Men and women age 2 55 years who had stage | or
stage Il HTN with > 1 additional CVD risk factor*

5 years

A multinational, double-blind, randomized prospective, parallel
group study of 12,398 patients designed to compare the effects
of valsartan with those of amlodipine on the reduction of

cardiac morbidity and mortality

Men and women age 2 50 years with a high-risk CV profilet

and essential HTN
30 months

Assumptions/model adjustments

Observed

Simulated

Observed

Simulated

Visit frequency

Treatment intensification (TI)*

Medication adherence

Scheduled follow-up at 1, 3,
6, 9, and 12 months with
91.7% visit adherence at 1
year

Not reported

Protocol: Step 1: titrate
assigned study drug

Step 2: add open-label
agents "when necessary" to
goal BP <140/90 mmHg.

Mean adherence not

91.7% probability of
attendance for each
scheduled visitat 1, 3,
6,9, and 12 months

Step 1: 100%
Step 2: default model
assumption

Default model

Monthly for the first 5 visits, followed
by semi-annual visits

Treatment | % study %
steps population | uncontro
completed lled BP
1 23.9 6.0
2 39.7 5.9
3&4 26.6 11.7
5 15.1 Not used
Other 18.6 Not used

Step 1 = initiation of monotherapy
Step 2 = up-titration of monotherapy
Step 3 = addition of thiazide

Step 4 = up-titration of thiazide

Step 5 = free add-on

Other = more Tl or non-protocol

Mean adherence not reported

Monthly for the first 5
visits, followed by
visits at weeks 26 and
52

Probability of T1%:
Step 1: 100%

Step 2:: 98.8%%
Step 3:98.1%

Step 4:97.1%

step 5:94.8%

other: default model
assumption

Default model

reported assumption assumption
Baseline characteristics” ALLHAT VALUE
Observed Simulated Observed Simulated
Age 66.9 (7.7) 66.2 (10.2) 67.2(8.1) 68.7 (10.9)
SBP 146.3 (15.7) 146.8 (15.6) 154.7 (19.0) 154.8 (19.5)
BP Control 27.4% 28.8% 21.9% 21.1%
Outcomes
Time point 1year 52 weeks 1year 52 weeks
Final SBP 138.2 (16.3) 135.7 (11.7) 141 (16.0) 138.3 (13.4)
Change in SBP Not reported 7.5(10.4) Not reported 11.8 (14.2)
BP Control
Definition BP < 140/90 SBP <140 SBP < 140 SBP < 140
Rate 55.1 % 58.7 % 52.2% 55.8 %

Abbreviations: BP = blood pressure, SBP = systolic blood pressure, flu = follow up

Observed and simulated outcomes are aggregated for the entire cohorts in the ALLHAT and VALUE trials
*Cardiovascular risk factors: diabetes, cigarette smoking, hypercholesterolemia, left ventricular hypertrophy, chronic kidney disease, and stroke.
TBased on an algorithm of cardiovascular risk factors.

Probability of dose increase or addition of new medication in visits where the BP is above target. We used the model’s default assumption in protocol
steps with open-label add-on and inadequate data for estimation of TI. We estimated the incidence of treatment intensification (Tl) in each step by
algebraic calculations using the trial’s reported drug utilization data summarized in the table. ALHAT was designed to compare first-line
antihypertensive therapies and left choice and titration of additional mea’icationsl in large part to physicians’ discretion.

100—sum of % study population at previous steps

SProbability of TI = (

100—sum of % study population at previous steps+% uncontrolled BP

) Temaining #E of visits

*Simulations were done using NHANES-derived cohorts calibrated to approximate the baseline SBP distribution for each study trial; see Methods.

visit frequency, treatment intensification and adherence), and
substantially larger and more variable effects when these
processes were enhanced to ideal levels. Control was achieved
in 71 % of patients with ideal treatment intensification,
representing an increase of 53 % (95 % Confidence Interval
(CD): 49-56) from the base-case scenario; 35 % with ideal visit
frequency (17 % increase, 95 %CI: 15-18) and 26 % with
ideal adherence (8 % increase, 95 %CI: 7-10). In a supple-
mental simulation, modeling a 50 % probability of intensify-
ing treatment when the Office SBP is elevated, with base case
assumptions for the other two parameters, led to 43 % BP
control. With combination interventions, 10 and 50 % im-
provements in all three parameters led to 21 and 32 %

achieving BP control at 1 year; idealization of all three pro-
cesses resulted in 95 % control.

DISCUSSION

Our study suggests that substantial improvements in BP con-
trol will require major improvements in processes of care.
Near-universal control of BP is attainable within a year when
all processes of care are set at optimal levels. Incremental
improvements in the different parameters that determine BP
control, either in isolation or combination, led to variable
incremental improvements in BP control. Healthcare systems
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Table 3. Simulated Process and Outcome Measures for Base-Case Population by Patient Characteristics

Baseline characteristics

Process measures over 52 weeks of simulated follow-up

Outcomes at 52 weeks

N (%) Mean Mean Treatment intensification (TT) Medication
Systolic number non-adherence
blood of office
pressure, Vvisits N (%) Mean total Incident Incident Mean SBP BP
mmHG (SD) receiving at occurrence TI in discontinuation  reduction, Control
(SD) least one TI of treatment visits with  of medication mmHg at 52
for elevated intensification  elevated (SD) weeks
office SBP (SD) office SBP
(>140 mmHg)
over 52 weeks
Overall 25,000 153.2 39 (24) 16,512 0.7 (0.8) 0.22 0.31 6.1 (10.0) 0.18
(14.4) (18.3 %)
Gender
Male 12,746 151.7 39(23) 8,609 0.7 (0.8) 0.24 0.31 6.4 (10.3) 0.22
(51.0) (13.4) (19.7 %)
Female 12,254 154.9 4024 7903 0.6 (0.8) 0.20 0.31 5.7 (9.6) 0.15
(49.0) (15.6) (17.0 %)
Age (years)
18-39 2,147 149.7 3822 1,862 0.9 (0.8) 0.35 0.29 8.3 (11.1) 0.32
(8.6) (10.3) (27.7 %)
41-59 8,387 151.6 39(23) 5981 0.7 (0.8) 0.26 0.30 6.8 (10.4) 0.23
(33.5) (14.5) (21.3 %)
60-80 14,466 154.8 40(24) 8,609 0.6 (0.8) 0.19 0.32 53 (9.4) 0.19
(57.9) (15.0) (15.6 %)
True SBP (mmHg) at baseline
140-159 19,482 146.8 3822 10,376 0.5 (0.7) 0.22 0.32 52 (9.4) 0.23
(77.9) 5.4) (17.1 %)
160-179 3,839 168.3 44 (2.6) 3,709 1.0 (0.9) 0.20 0.31 7.2 (9.5) 0.03
(15.4) (5.8) (18.7 %)
> 180 1,679 (6.7) 193.6 48 (2.7 2427 1.4 (1.0) 0.27 0.27 13.4 (13.0)  0.006
(11.4) (25.2 %)
# of BP meds at baseline
0 8,205 150.8 39(23) 5972 0.7 (0.8) 0.24 0.27 7.2 (10.6) 0.25
(32.8) (12.8) (22.1 %)
1 7,590 154.9 4.0((24) 6,720 0.9 (0.8) 0.32 0.32 8.0 (11.0) 0.23
(30.4) (15.8) (24.6 %)
2 5,116 154.3 4024) 2,618 0.5 (0.7) 0.17 0.33 4.5 (8.7) 0.12
(20.5) (16.3) (13.6 %)
>3 4,089 153.9 4.024) 1,202 0.3 (0.5) 0.10 0.39 22(5.9) 0.06
(16.4) (12.6) (7.2 %)
BP blood pressure

BP control = proportion of patients with systolic BP < 140 mmHg

may achieve greater success by focusing resources on increas-
ing the frequency of clinical encounters (e.g., visits) and im-
proving physicians’ prescribing behavior than by attempting to
improve patient adherence.

Computer simulation modeling has been instrumental in
developing clinical guidelines and policy in general,'***2°
and for hypertension in particular.”” Farley and colleagues®’
used mathematical modeling to project the potential mortality
benefits of increasing hypertension control, while Turner and
Schalkwyk28 used computer simulation of BP variability to
examine spurious identification of hypertension in clinical
studies. Our model represents a considerable advance over
previous models, because it simultaneously models multiple
processes involved in BP management, thus permitting the
comparison of different types of multifaceted interven-
tions for management of hypertension. The model is
informed by data from national surveys, cohort studies
and trials, and predicted BP control rates similar to those
achieved in the intervention arms of two multicenter clinical
trials (ALLHAT and VALUE).

Our finding that treatment intensification rates strongly
impact BP control is consistent with previous reports.'>**°
Several systematic reviews have shown that protocols that
require high visit frequency with vigorous treatment intensifi-
cation have the greatest impact on BP control."'*!~*? National
initiatives in the U.S aim to disseminate hypertension man-
agement protocols that primarily focus on enhancing treatment
intensification in patients with BP above targets.>> Since there
are legitimate reasons why a clinician may choose not to
intensify treatment for an elevated SBP measured in the office,
the optimal/attainable rate of treatment intensification is un-
clear. However, real-world evaluation of practice patterns
suggests frequent missed opportunities for appropriate treat-
ment intensification in management of hypertension.' "’
The large impact of treatment intensification on population BP
control seen in our model argues for large-scale adoption of
interventions that have been shown to increase treatment
intensification rates.***%*!

Our results suggest that visit frequency is an important
parameter in the management of hypertension. Although
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Table 4. Simulated Blood Pressure Control at 52 Weeks Under Different Intervention Scenarios

Scenarios Parameter Outcomes
values
% SBP control Change in % SBP SBP reduction,
(SBP < 140 mmHg) control compared to mmHg (SD)
base case (95 % CI**)
Base case® 18.3 % 6.1 (10.0)
Visit frequency®
Base case average visit rate (visits/week) 0.068 18.3 % - -
10 % increase® 0.074 19.4 % +1.1 % (0.9-1.3 %) 6.3 (10.2)
50 % increase® 0.101 21.1 % +2.8 % (2.3-3.3 %) 7.3 (10.8)
Ideal (probability of visit within 4 weeks after an 0.707 34.8 % +16.5 % (15.2-17.7 %) 12.8 (13.9)
elevated office sbp)
Treatment intensification(TI)", per visit with elevated BP
Base case average probability of treatment intensification 0.18 18.3 % - -
10 % increase® 0.19 19.4 % +1.1 % (0.9-1.3 %) 6.4 (10.1)
50 % increase® 0.23 231 % +4.8 % (4.4-53 %) 7.6 (11.0)
Ideal (probability of TI) 1 71.0 % +52.7 % (49.0-56.2 %) 23.4 (17.6)
Medication adherence,”
Base case adherence rate ©, per year(52 weeks) 0.50 18.3 % - -
10 % increase® 0.55 19.1 % +0.9 % (0.7-1.1 %) 6.4 (10.1)
50 % increase® 0.75 225 % +4.2 % (3.5-5.0 %) 7.1 (10.4)
Ideal 1 263 % +8.1 % (6.7-9.5 %) 8.5 (11.2)
Combination interventions
Base case 183 % - -
10 % increase in all parameters® - 21.0 % +2.7 % (2.3-3.2 %) 7.0 (10.7)
50 % increase in all parameters - 319 % +13.6 % (12.1-15.1 %) 10.4 (12.3)
Ideal values in all parameters' - 95.1 % +76.8 % (73.1-80.4 %) 31.9 (18.5)

SBP systolic blood pressure

“Base case: all three parameters at base-case (current practice) values (Table 1)

bProbability of a visit in any given week. We only increased this probability in the weeks following an elevated sbp (> 140 mmHg)

€10 and 50 % improvements modeled by multiplying the visit rate, odds of treatment intensification, and cumulative adherence proportion by a factor of
1.1 and 1.5. Rates and odds are then converted to the probabilities that are used as model inputs for each parameter

dProbability of treatment intensification at a visit where BP is elevated

“Probability of ongoing use of the last prescribed medication at 52 weeks

'Medication adherence is the cumulative proportion of patients continuing to take their last prescribed medication 52 weeks after it was prescribed. We convert
this rate to a weekly probability of ongoing medication use, assuming a constant rate of medication discontinuation over 52 weeks, for use in the model

€10 % improvements in all three parameters
50 % improvements in all three parameters

'All three parameters at the Ideal value, defined as: a return occurring visit within 4 weeks of an elevated office SBP; 100 % treatment intensification at

every visit with an elevated Office SBP; and 100 % adherence

** —95 % confidence interval, derived from probabilistic sensitivity analyses varying key parameters

JNC 8’ did not address visit frequency, our simulation of ideal
visit frequency is based on the JNC 7 guideline that patients
are followed up within a month when an elevated BP is
noted.*” This frequency of follow-up is seldom achieved in
current practice,'>** but its implementation in our model
nearly doubled BP control in the population (from 18 to
35 %) at 1 year. Previous studies suggest that “effective” visit
frequency may be improved with the help of allied health
professionals, telephone BP monitoring, and ambulatory BP
monitoring.'**

Our findings are consistent with previous publications dem-
onstrating a relatively weak and inconsistent relationship be-
tween medication adherence and BP control.”>%*"*” Vigen
and colleagues”’ compared clinic-level medication adherence
and treatment intensification as potential clinical performance
measures using the Cardiovascular Research Network
Hypertension Registry including 162,879 patients in 89
clinics. Treatment intensification was associated with BP con-
trol at 12 months, but there was no significant association
between medication adherence and BP control at the clinic
level. In a secondary analysis of 819 patients from seven
clinics affiliated with a safety net hospital, Rose and

colleagues®” found that treatment intensification was associat-
ed with similar BP improvement regardless of a patient’s level
of adherence. In our simulation, idealized visit frequency and
treatment intensification led to greater improvements in BP
control rate than improvements attained by optimizing adher-
ence. At the individual level, clinicians’ knowledge or suspi-
cion of patient medication nonadherence has been cited as a
reason for not intensifying treatment.’*** However, our sim-
ulation is consistent with previous evidence that treatment
intensification improves BP control even among patients with
sub-optimal medication adherence.’®*' The effect of adher-
ence interventions to improve population BP control may be
limited, because most established patients with hypertension
are at least partially adherent to their antihypertensive
regimen.**°

Our finding of near-universal control of hypertension (95 %)
within a year by optimizing visit frequency, treatment intensi-
fication, and medication adherence would be difficult to
achieve in the “real world,” largely because optimizing all
three factors would itself be extremely difficult. Nevertheless,
the Veterans Health Affairs had achieved an impressive im-
provement in BP control (from 46 to 76 %), while Kaiser
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Permanente has seen an increase from 44 % to greater than
80 % as a result of interventions that primarily worked through
these modifiable factors.'>"?

As with all models, the BP Control Model is a simplifica-
tion of reality, and several specific limitations are worth not-
ing. The model simulates the systolic and not the diastolic BP,
even though both values may affect treatment decisions in
practice. However, systolic BP is an equal or stronger predic-
tor of cardiovascular risk in adults older than 49 years,
and is more difficult to control than diastolic BP.*****
The model does not account for differences in SBP
lowering effect, adherence, or side effects specific to
different drug classes. Because increasing encounter fre-
quency may produce not only more opportunities for treat-
ment intensification, but also improved treatment adherence,”
our model likely underestimated the impact of frequent visits
on BP control. Recent guidelines vary in their recommenda-
tions for the appropriate BP target for some elderly pa-
tients;”>' our model does not attempt to modify BP targets
for different individuals (SBP target is < 140 mmHg for all
individuals). Other individual-level characteristics that might
modify processes of care, such as race/ethnicity and access to
care, have not been incorporated into this version of the model.
Despite these limitations, the BP Control model represents a
careful synthesis of evidence and national data yielding results
that appear to have good external and face validity.

CONCLUSION

The US Department of Health and Human Services Million
Hearts initiative aims to prevent 1 million myocardial infarc-
tions and strokes through nationwide adoption of evidence-
based hypertension treatment protocols to help achieve a con-
trol rate of 65 % by 2017.%* However, BP control in the U.S is
improving by only 1 % per year.** Our study suggests that
substantial improvements in BP control can only be achieved
through major improvements in processes of care; increasing
the frequency of clinical encounters and improving physicians’
prescribing behavior (in isolation or combination) would have
a greater impact on BP control than attempts to boost patients’
medication adherence. The BP Control Model can help re-
searchers and healthcare leaders, prioritize interventional ap-
proaches, tailor management protocols in particular popula-
tions, and help us find ways to meet our public health objec-
tives for management of hypertension in the United States.
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