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Abstract
Despite 40 years of research demonstrating the efficacy of antihypertensive medications for lowering
blood pressure and decreasing cardiovascular disease, hypertension control rates worldwide remain
low. We explored here how both medication efficacy rates and patient/physician decision-making
(discontinuation rates) affect overall hypertension control rates. To do this we introduced the use of
Kaplan–Meier methodology to predict hypertension control rates separately within age strata. An
important aspect of our analysis is the use of a “treatment intensity score,” including both the number
of agent(s) and the percentage of maximal dose of agent(s). We investigated how blood pressure
control rates vary with age, gender, and treatment intensity. Our analysis found that both efficacy
and discontinuation rates at different treatment intensities vary with age and gender, so that for each
increase in age by 1 decade, the log hazard of achieving controlled blood pressure at any given
intensity decreases by 0.10 in men and 0.20 in women. Overall hypertension control rates ranged
from 80.8% for persons age 15 to 39 years to only 42.1% for persons age ≥80 years. Our analysis
more accurately represents achievable hypertension control rates, with differences by gender, than
previous work, because we investigated the contributions of efficacy and treatment aggressiveness
in the control of hypertension.
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Despite 40 years of studies demonstrating the impact of lowering blood pressure (BP) on
decreasing cardiovascular disease,1–5 hypertension control rates worldwide remain
disturbingly low.6–9 Impediments to achieving good BP control include both physician-related
factors10–14 and patient-related factors, especially noncompliance.15–22 A question of great
interest in hypertension research is the declining rate of control seen with increasing age of
patients.23
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There are, as yet, many unanswered questions. What is the maximum achievable hypertension
control rate with our present BP treatment strategies? Are there age- and gender-specific
differences in the ability to achieve BP control? No hypertension treatment trial has ever
demonstrated 100% success in the control of even mild hypertension. With clinicians being
graded more and more on outcomes,24 it is critical to know how successful they can expect to
be in achieving BP control. In our study, we do not investigate the efficacy of individual
antihypertensive compounds but rather we apply Kaplan–Meier (K-M) methods and Cox
regression models25,26 in a unique way to estimate the efficacy of overall treatment strategy
as a function of baseline characteristics.

Methods
Study Population

The study includes patients with BP measurements taken at the hypertension clinic in the Mayo
Clinic Division of Hypertension from September 2001 to July 2003. The time interval chosen
corresponded with a period where the composition of the physicians, nurses, and patient mix
was constant. The details of this database have been described previously27 In brief, patient
data were collected from the Mayo Clinic Hypertension Continuity Care Data-base, an
electronic database that is a part of the care of hypertensive patients in the Mayo Clinic Division
of Hypertension.

Two patient populations are present in this study. One group consists of patients who have
long-standing hypertension, and hypertension specialists at Mayo Clinic provide their primary
and hypertension care. Thus, this study includes a significant component of primary care
patients. The second group consists of those referred for difficult-to-control hypertension and
secondary forms of hypertension. The study population as a whole has a higher prevalence of
secondary forms of hypertension (eg, renovascular disease) and more difficult-to-manage
essential hypertension than typically would be seen in a primary care setting. Patients in both
groups frequently have multiple comorbidities complicating their hypertension management,
such as diabetes, coronary artery disease, or renal failure. All of the patients whose data were
analyzed for this study had ≥1 visit with ≥2 standardized measurements of BP and gave consent
to use their medical charts for research. The institutional review board of Mayo Clinic approved
the protocol and methods of this study.

Definition of Treatment Intensity
Information on antihypertensive medications and dosages was gathered at the time of the visit
and stored in a clinical database in the Mayo Clinic Division of Hypertension. Analyses were
restricted to those patients with both antihypertensive medication information and BP
information and to those patients who gave permission to use medical information for research.
A total of 64 pill formulations were observed composed of 51 unique chemical compounds
(some pills contained 2 chemical substances). All of the compounds were recorded with their
dosage and daily frequency information at the time of clinical visit (for further information,
see Appendix 1 in the online supplement for this article at http://hyper.ahajournals.org).

To allow for comparability of drug regimens across patients taking many different medications,
we calculated a treatment intensity score at the time of visit using the January 2004 Monthly
Prescribing Reference to determine the maximum recommended daily dose for each
medication. The recorded daily dose taken by the patient was divided by the maximum
recommended daily dose to obtain a proportional dose for that medication. For example, a
patient taking a 40-mg daily dose of a drug for which 200 mg was the “maximum daily dose”
was considered to be taking 0.2 “intensity” units. For completeness, dual-class drugs were
separated into their components, and intensities were calculated separately for each of the
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chemical compounds. These proportional doses from individual medications were summed
within person on a given visit to determine a patient’s “treatment intensity” at that visit.

Statistical Methods
We propose the use of survival analysis techniques to estimate not death, but 2 underlying
events: the distribution of the treatment intensity at which efficacy is first achieved, ie, a
hypertensive patient “just” becomes controlled, and the distribution of the treatment intensity
at which a physician or patient “just” chooses to discontinue further increasing the intensity,
despite not achieving control. We call the first distribution the “efficacy” distribution and the
second distribution the “discontinuation” distribution. The discontinuation distribution is an
indirect measure of the combined willingness of both physician and patient to not continue
advancing treatment intensity.

The data that we observed are treatment intensities at a given visit and the corresponding BPs,
which we will simply categorize as “in control” or “not in control.” We define control as a
systolic BP measurement <140 mm Hg and a diastolic BP measurement <90 mm Hg. We must
assume that these data represent the steady state of a long-term process of trying to achieve BP
control in each patient (ie, that patients are sufficiently far along in their treatment process).
Furthermore, we assume that treatment intensity is progressively increased until either the
patient is in control or the patient and/or physician decide to discontinue further increases in
treatment (and accept the present level of BP). It is assumed that accepted norms for BP control
are in place and represent universal minimal goals for all patients.

The crucial idea for the application of survival analysis methodology is to consider treatment
intensity, although observed in a cross-sectional manner, as the time variable. That is, for each
patient and at each visit we observe 2 pieces of information, both the treatment intensity and
the corresponding BP control status. Furthermore, we make the following assumptions, as
described below.

First, if the patient is in control, we assume that the patient is on the minimum treatment
intensity at which control can be achieved. Thus, we have observed an “efficacy event” at that
observed treatment intensity. Second, if the patient is not in control, then all we know about
the true minimum intensity for “achieving control” is that it would be larger than the observed
value of intensity (ie, it is a right-censored efficacy event). Third, if the patient is not in control,
then we assume that we have observed the maximum intensity to which the physician and
patient are willing to increase treatment. That is, we have observed a “discontinuation event”
at that intensity, whereby no further increases would be attempted. Fourth, if the patient is in
control, then we know only that the patient and physician did not discontinue further treatment
increases before that observed intensity. Because control (defined as BP <140/90 mm Hg) was
achieved, we do not know how much higher of an intensity would have been considered to
lower BP or required to sustain the BP <140/90 mm Hg over time (ie, this is a right-censored
discontinuation event).

Readers familiar with survival analysis or failure-time analysis will recognize the above set of
assumptions as those of 2 complementary events. However, the time concept in this case is a
progressively increased treatment intensity instead of the classical “time-to-event” data.

By properly defining the censoring and event variables, we can use K-M methodology to
estimate the cumulative efficacy by calculating 1 minus the K-M estimate with “in control” as
the event indicator. Similarly, we estimate the cumulative rate of discontinuation (of further
increases in intensity) by calculating 1 minus the K-M estimate with “not in control” as the
event indicator. This method can then be used to predict the probability that any given
individual will get into control (before they give up) as simply the probability that treatment

Bailey et al. Page 3

Hypertension. Author manuscript; available in PMC 2009 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intensity to just achieve control is less than the intensity where the patient-physician team
discontinues further attempts at increasing intensity of therapy. In addition, we can model each
of these distributions in terms of baseline covariates, such as age and sex, using familiar
techniques, such as Cox regression.26

For simplicity and to maintain independence of measurements, the last sequential observation
for each individual was used. This measured BP can be thought of as the observation making
the steady-state assumption as likely as possible. In addition, we performed sensitivity analyses
including only the last observation of those patients with ≥5 visits to the clinic during our
follow-up in the definition of the discontinuation curve. The analyses were repeated
considering only the observed visit with the highest intensity for each patient; this differs
slightly from the last observation method, because the last observation may not necessarily be
the highest intensity observed. In general, one would want to use the highest treatment intensity
tried such that control is not achieved, and, conversely, one would want to use the lowest
intensity at which control is achieved. Allowing for multiple measurements (and their possible
inconsistency) is beyond the scope of this article. For an in-depth description of the statistical
methods of this study, please see the online data supplement.

Results
The population under study was composed of 2587 unique patients with 8527 BP
measurements (median number of visits per person was 2; first quartile: 1; third quartile: 4;
range: 1 to 31 visits). Table 1 shows the numeric descriptive statistics on a per-visit and per-
patient basis across age strata. Patients included in the study ranged in age from 15 to 98 years,
with median age of 67 years (first quartile: 56 years; third quartile: 75 years). Of the 2587
unique individuals, 1392 were women (53.8%). At last visit there were 1025 patients (39.6%)
with elevated BP measurements (out of control). A total of 1588 patients (61.4%) had ≥1 clinic
visit with an elevated BP, most because of isolated elevation of systolic pressure measurements
(≥140 mm Hg; 1273 patients; 80.2%). Only 39 patients (2.4%) had isolated elevation of
diastolic pressure (≥90 mm Hg), whereas the remaining 276 (17.4%) had both elevated systolic
and diastolic pressures. The number of medications at time of visit varied greatly from 1 to as
many as 7, with a median of 2. The median treatment intensity was 0.5, with a first quartile of
0.25 and a third quartile of 1.0. Thus the “typical patient” was taking 2 medications at one
fourth of the maximum dose of each.

The cumulative efficacy distribution for the treatment intensity by age strata is shown in Figure
1 (top panel). This curve shows the cumulative probability of attaining control as treatment
intensity increases. With older age we observed a marked decrease in control rates at any given
intensity. For example, the K-M estimated curve predicts that 61.5% (51.6% to 68.3%) of those
in the age 15- to 39-year stratum would be in control at an intensity of ≤0.5, whereas only
33.0% (26.7% to 38.7%) of those in the age ≥80-year stratum would have controlled BP at this
or a lower intensity. Note that these are not the answers we get if we naively consider the
proportion of individuals treated at this intensity or less who are in control (80.9% and 47.9%,
respectively). Such naive estimates ignore the information in those individuals who are treated
at higher intensities (presumably because they were not controlled at lower intensities). This
parameter (the cumulative percentage of the population controlled at a given intensity or less)
is only available in an unbiased way using our framework.

The discontinuation distributions for intensity stratified by age are shown in Figure 1 (bottom
panel). Again, we can see that the probability of discontinuation (ie, the likelihood of no further
increases in treatment intensity) steadily increases as intensity increases. Indeed, very few
patients and/or physicians are willing to increase treatment intensity beyond 3.0 U. As was the
case for the efficacy curves, there is a marked trend across age strata, with the elderly having
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a higher probability of discontinuation of further increases in treatment intensity at lower
intensities than the younger patients. As an example, the K-M method predicts that 20.7%
(11.3% to 29.2%) of the age 15- to 39-year population would discontinue further medication
increases at an intensity of 0.5, whereas 35.6% (29.3% to 41.5%) of the age ≥80-year
populations would discontinue further intensity increases. Again, we note that this parameter
cannot be accurately estimated by naively considering the proportion of the population actually
treated at such intensity. The naive estimate ignores the fact that those who achieve BP control
at lower intensities have not been challenged in terms of their willingness to try higher treatment
intensities.

We were reassured by our calculations when we compared our method with a more naive
method. In particular, if only patients who achieved control are included and the distribution
of control intensities is described, the proportion of subjects with an intensity of ≤1.0 U is
estimated at 82.5% (80.6% to 84.4%) in control. However, when using our method and taking
into account those subjects who never achieved control, the cumulative control rate of 62.6%
(61.3% to 64.8%) is attained. The naive method overestimates control rates. Naive estimates
of discontinuation are plagued by the same overestimation, because no concept of censoring
is used (ie, patients may persist to higher intensities if given the chance).

The standard K-M estimates of the overall distributions of treatment intensity in control and
when discontinuation occurs have limitations in that they likely vary considerably as a function
of age and sex and other baseline variables. Therefore, to further exploit our alternative analysis
methodology, Cox regression models for treatment intensity when control is just achieved as
a function of age and sex are reported in Table 2 (top). The Cox regression model posits a
constant “hazard ratio” associated with gender, or with a specific age difference, for the
“hazard” of becoming controlled at any given intensity. The interaction test indicates whether
the effect of age on BP control differs between men and women. This analysis shows that
control rates are highly affected by age and, furthermore, that the way they are affected by age
differs in men and women. The β coefficients from the sex-specific models show that, with
each decade of age increase, the logarithm of the hazard of getting into control drops by 0.10
in men and by 0.20 in women. This is interpreted as showing that, for each increase in age by
10 years, the percentage of patients achieving control (at all treatment intensities) is reduced
by 10% in men and by 20% in women.

The corresponding Cox regression models for discontinuation are shown in Table 2 (bottom).
We see that, at each treatment intensity, the hazard of discontinuation increases with age but
is not different in men and women. This analysis enables us to quantify the extent to which the
observed decline with age in control rates is because of a decline in efficacy versus an
unwillingness to intensify a medication regimen. This suggests that physicians in this study
had no gender bias about increasing treatment intensity to try to obtain BP control.

Probability of Achieving Control
The age-stratified efficacy (Figure 1, top) and discontinuation (Figure 1, bottom) curves are
shown visually based on K-M estimates for different age groups. Using these same age strata,
Figure 2 shows the predicted cumulative probability of control up to any intensity in each age
group, based on combining the 2 K-M distributions. This model allows us to estimate, eg, what
impact it would have if the rate of discontinuation were equalized between age groups or if the
efficacy were equalized between age groups (Table 3). We see from the figure and from the
Cox regression models that both efficacy patterns and discontinuation patterns (of either the
patient or physician) vary across age strata. Interestingly, we note that even if patients ≥80
years of age were treated in an aggressive manner similar to patients much younger (ages 15
to 39 years), our analysis estimates that the cumulative control rate would still only be 61.5%.
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Discussion
We have introduced the use of an alternative and unique analysis methodology to examine a
cross-sectional BP data-base in the Mayo Clinic Division of Hypertension. This method
assumes an embedded process of cumulative increases of treatment intensity until either BP
control is just achieved or until discontinuation occurs (acceptance of uncontrolled BP by the
patient-physician team). Despite the passage of >40 years since the first hypertension treatment
trials1,2 and with the more recent clinical trials, such as the Antihypertensive and Lipid-
Lowering Trial to Prevent Heart Attack Study,3 Heart Outcomes Prevention Evaluation Study,
4 and the Systolic Hypertension in Europe Study,5 rates of control of hypertension have
remained low. In fact, rates of hypertension control vary from 29.2% in the United States6 and
22% in England7 to as low as 11.2% in Portugal8 and 8.1% in China.9 Many attempts have
been made to analyze factors that may be responsible for this lack of success in hypertension
treatment. Factors evaluated have been divided into 2 main types. First, physician-related
factors have been implicated, including physician bias, therapeutic inertia, impact of
comorbidities, treatment thresholds, physician specialty, and physician acceptance and
incorporation into their practice of guideline information about hypertension management.
10–14 Second, patient-related factors, such as age, gender, persistence of therapy, and
especially noncompliance with antihypertensive therapy,15–22 have been investigated.

The Antihypertensive and Lipid-Lowering Trial to Prevent Heart Attack Study3 had the highest
rate of hypertension control achieved in a large clinical trial, at 63%. These subjects were
similar to the patients in our study regarding both age and gender distribution and a higher-
than-average burden of comorbid conditions. Validation of our estimates comes from
inspection of Table 3, which shows that our prediction of achievable control for the patients
of the mean age in the Antihypertensive and Lipid-Lowering Trial to Prevent Heart Attack
Study is almost identical (ages 50 to 59 years: 69.2%; ages 60 to 69 years: 59.0%) to what was
achieved. Perhaps the most important study of physician factors affecting BP control is that
by Okonofua et al.11 They investigated therapeutic inertia (the failure of a clinician to increase
therapy when BP was elevated) in a retrospective study of 7253 hypertensive patients. They
found that therapeutic inertia accounted for 19% of the lack of BP control. Furthermore, they
argued that if therapeutic inertia scores were improved by 50% (ie, if on 30% of the visits
medications were advanced), control rates would have improved from the observed 45.1% to
65.9% in only 1 year. This observation is similar to what we have observed (Figure 1) regarding
the role of increased treatment intensities on achieving BP control. Unfortunately, Okonofua
et al11 did not stratify by age; however, they did find a significant correlation of age with
therapeutic inertia in their multivariate analyses. Our unique modeling, which investigates the
overall medical strategy of both physician and patient, supports their finding that physician
behavior has a major impact on achieving BP control. We demonstrate not only an age effect
on hypertension control but that the age effect is expressed differently in men and women.
Thus, at any level of treatment intensity, we found that the likelihood of achieving control was
reduced by 10% in men and 20% in women (P<0.001). Lloyd-Jones et al15 also reported on
the impact of age on control rates separately for women and men; however, no information
regarding therapy intensity was provided. Borzecki et al16 found that increasing age was
associated with increased use of medications until reaching age 80 years, after which
medication usage decreased. However, their analysis was limited only to the number of
medications used, which may not be a true reflection of intensity of treatment. In our analyses,
we used medication intensity and, thus, created a powerful argument that there are gender and
age differences in the treatment of hypertension, even after accounting for possible differences
in dosing and the use of dual drugs across age groups.

Factors that may explain this were described previously by Van Wijk et al18 in a 10-year
historical cohort study of antihypertensive medication adherence in 2325 patients in the
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Netherlands. Using a national pharmacy database of filled prescriptions (PHARMO Medical
Record Linking System), they examined the likelihood of persistence of antihypertensive
therapy and found that women were less likely than men to persist with their BP therapy.
Because we are only able to analyze the impact of prescribed medications rather than filled
prescriptions, we cannot rule out that the lower rates of control in women may be because of
nonadherence to therapy. Another theory for the age and gender difference comes from
Winickhoff and Murphy.21 They identified the impact of the number of medications on BP
control. In particular, they found that the more pills the person is required to take the less likely
they were to adhere to therapy and, thus, less likely to achieve BP control. This phenomenon
may explain results in Figure 1, which demonstrates that discontinuation rates are age
dependent and that they increase with higher intensity of therapy. Thus, there may be a point
at which further increases in medication intensity cannot lead to better control if the increase
in intensity requires ingestion of more pills rather than an increase in dose strength of an existing
pill.

Limitations
We recognize that this method of analysis is an oversimplification in several ways. First, by
reducing a time series to a single observation and further reducing this observation to “in
control” versus “not in control,” we miss the possible additional information of multiple
observations. For example, in our study, a patient may have had 9 previous visits while in
control, and at the 10th visit (the 1 used for our analysis) the BP may have been ≥140/90 mm
Hg (not in control). This patient would be analyzed the same as a patient who had 10 previous
visits not in control. We are comforted by previous clinical trials that have reported that little
change in BP occurs after 6 months of attempts at therapy alterations4,5 and the fact that our
results from our sensitivity analysis of only patients with ≥5 visits did not change the outcome.

Second, by reducing a complex medication regimen to a single “treatment intensity,” we ignore
differences between medications. Specific medications were not of primary interest, because
we felt that overall treatment intensity is better at representing the aggressiveness of a treatment
regimen and better reflects physician practice patterns, as well as patient acceptance (more
likely to use increase in strength of a medication before adding second drug). We acknowledged
that this intensity measure, although intended to equalize the different medications, may not
completely achieve this goal. For example, dual medications may be used more in the elderly
than in the young, whereas intensities may be similar.

Third, we know that in real life there is an “up and down” titration and testing process that
occurs within individual patients. Thus, although we considered our patients to have reached
a steady state, ≈40% of patients had BP measurements considered out of control at last visit.
Our database analysis did not allow us to know the therapeutic intent of the last visit, thus, we
do not know if that visit engendered an increase in treatment intensity in patients not in control.

Fourth, our method makes the unverifiable assumptions made in all K-M and Cox regression
analyses. Namely, we assume that the conditional distribution of “future” efficacy (at higher
intensities) is the same in uncontrolled individuals who give up as it is in those who do go on
to higher intensities. The method also assumes that the conditional distribution of
discontinuation (to higher intensities) is the same in those who are uncontrolled and controlled
at a particular intensity.

Lastly, we assume that we have observed the exact value of the “discontinuation intensity” for
each patient who is not in control. Of course, the farther out we are in the course of treatment
for a given patient, the closer we are to the truth of this assumption.4,5 Table 1 shows that there
was a significant treatment effect on control rates as evidenced by comparing the percentage
of patients with an elevated systolic or diastolic BP anytime during follow-up (61.4%) and
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those with elevated measures at last visit (39.6%). This observation supports that many patients
were indeed well progressed in a successful treatment program. In addition, our results did not
change in a sensitivity analysis when we restricted to patients with ≥5 observed visits (data not
shown). Because a large proportion of the patients included in our study were primary care
patients, we feel that application of our alternative methods to hypertension control in a strictly
primary care database will be robust. Nonetheless, we encourage others to apply these methods
and report their findings, because it is ever more important to gauge the target rate of maximal
achievable BP control for clinical practice and quality evaluation.

Perspectives
The ability to control BP is important to the individual and to society. Although many studies
have reported control rates for hypertension, these studies have not given information regarding
how these rates compare with what can feasibly be expected. In fact, though no study or
medication has ever achieved 100% hypertension control, it continues to be suggested that the
target is that all patients attain BP control. This study is the first to attempt to predict the
maximum ability to control BP with our present systems, medications, and approach to disease
management. Our analysis is compatible with clinical observations in that the efficacy of
treatments decrease with age and that the patient-physician team is less likely to further increase
treatment in older patients. Our estimates strongly suggest that elderly patients are unlikely to
reach the target of <140/90 mm Hg, even if patients and physicians attempted to do so with
increasing pharmacotherapy. We also find that women, controlling for age, have a reduction
in apparent efficacy of antihypertensive therapy compared with men, whereas discontinuation
of therapy (patient-physician team decision) is not gender dependent. Our study suggests that
targets for hypertension control rates should be gender specific and that the assumption that 1
target fits both genders may be erroneous. Further validation of our predictions in a strictly
primary care setting is needed.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Efficacy and discontinuation curves separate by age category. Top, The efficacy curves show
the probability of attaining blood pressure control at various treatment intensity units and
separately across age categories. Bottom, The discontinuation curves show the probability of
either the physician or the patient choosing to discontinue further medication increases to attain
BP control. Curves in both panels are calculated using the K-M method.
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Figure 2.
The combination of efficacy and discontinuation information to estimate the overall control
rates separate by age categories. Note that beyond a treatment intensity of 2 intensity units, the
incremental improvement in BP control is minimal.
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Table 2
Efficacy and Discontinuation Cox Regression Models

Variable Beta±SE P Hazard Ratio 95% CI

Efficacy models

  Full model with interaction

    Age, decades −0.20±0.02 <0.0001 0.82 0.78 to 0.86

    Sex, male −0.68±0.24 0.005 0.51 0.32 to 0.81

    Interaction 0.10±0.04 0.006 1.11 1.03 to 1.19

  Men only analysis

    Age, decades −0.09±0.03 0.0007 0.91 0.86 to 0.96

  Women only analysis

    Age, decades −0.20±0.02 <0.0001 0.82 0.78 to 0.86

Discontinuation models

  Full model with interaction

    Age, decades 0.22±0.04 <0.0001 1.25 1.17 to 1.34

    Sex, male 0.07±0.37 0.84 1.08 0.52 to 2.23

    Interaction −0.04±0.05 0.47 0.96 0.87 to 1.07

  Men only analysis

    Age, decades 0.19±0.04 <0.0001 1.21 1.11 to 1.30

  Women only analysis

    Age, decades 0.22±0.04 <0.0001 1.25 1.16 to 1.34
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