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Abstract
Aims—Whether long-term cardiovascular risk is reduced by the Diabetes Prevention Program
interventions is unknown. The aim of this study was to determine the long-term differences in
cardiovascular disease risk factors and the use of lipid and blood pressure medications by the
original Diabetes Prevention Program intervention group.

Methods—This long-term follow-up (median 10 years, interquartile range 9.0–10.5) of the three-
arm Diabetes Prevention Program randomized controlled clinical trial (metformin, intensive
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lifestyle and placebo), performed on 2766 (88%) of the Diabetes Prevention Program participants
(who originally had impaired glucose tolerance), comprised a mean of 3.2 years of randomized
treatment, approximately 1-year transition (during which all participants were offered intensive
lifestyle intervention) and 5 years follow-up (Diabetes Prevention Program Outcomes Study).
During the study, participants were followed in their original groups with their clinical care being
provided by practitioners outside the research setting. The study determined lipoprotein profiles
and blood pressure and medication use annually.

Results—After 10 years’ follow-up from Diabetes Prevention Program baseline, major
reductions were seen for systolic (2–3 mmHg) and diastolic (5–6 mmHg) blood pressure, and for
LDL cholesterol (0.47–0.54 mmol/l) and triglycerides (0.18–0.32 mmol/l) in all groups, with no
between-group differences. HDL cholesterol also rose significantly (0.13–0.16 mmol/l) in all
groups. Lipid (P < 0.012) and blood pressure (P < 0.09) medication use, however, were lower for
the lifestyle group during the Diabetes Prevention Program Outcomes Study.

Conclusion—Overall, intensive lifestyle intervention achieved, with less medication, a
comparable long-term effect on cardiovascular disease risk factors, to that seen in the metformin
and placebo groups.

(Clinical Trials Registry No; NCT 00038727).
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Introduction
Impaired glucose tolerance carries an increased risk of cardiovascular disease [1] and
diabetes [2]. While the Diabetes Prevention Program (DPP) in the USA [3] and similar
programmes in China [4], Finland [5] and India [6] have clearly demonstrated that diabetes
prevention or delay is possible, the impact of these interventions on cardiovascular risk is
less clear. Although the DPP has shown a favourable short-term (mean 3.2 years) effect of
lifestyle intervention on reducing cardiovascular risk factors [7] and the incidence of the
metabolic syndrome [8], the durability of these benefits and their translation into reduced
event rates is not established. The importance of preventing cardiovascular disease in those
with early glucose intolerance is underscored by three trials documenting that, in those with
diabetes, intensification of glycaemic control may not reduce cardiovascular events overall
[9–11] and might even increase mortality [9]. Similarly, in one trial, neither intensification
of blood pressure treatment [12] nor the use of a fibrate medication in addition to a statin
medication [13] improved cardiovascular morbidity or mortality in those with diabetes.

There have not been sufficient cardiovascular disease events in the DPP Outcomes Study
(DPPOS) [14] to permit examination by treatment group. Nonetheless, the potential reasons
for the overall low event rates and any variation in risk status merits further examination and
the DPPOS permits a number of pertinent analyses. Primarily, the additional 5 years of
follow-up enable an assessment of the durability of the beneficial effect of lifestyle on
cardiovascular risk factors over a 10-year period despite all groups now receiving a lifestyle
intervention and whether the original lifestyle intervention leads to relatively less medication
use. These current, more detailed, cardiovascular disease risk factor analyses thus
supplement those already published [14], which show a durable 10-year effect of both
metformin and intensive lifestyle assignment on diabetes incidence. We also explore the
extent of statin use and its impact on lipid concentrations and any effect of diabetes status on
the levels of blood pressure and lipid control.
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Subjects and methods
Participants

Recruitment and randomization of DPP participants have been described previously [3,8].
DPPOS enrolment was initiated in September 2002 and largely completed by 27 August
2008, the closing date for this report, when 87.8% (2766) of the 3150 surviving DPP
participants had enrolled [14]. Median follow-up from randomization to the most recent
evaluation was 10.0 (interquartile range 9.0–10.5) years. Intervention in the DPP was
delivered in three groups: (1) intensive lifestyle with weight loss goal of 7% of baseline
weight through low-fat diet and exercise goal of 150 min per week; (2) metformin 850 mg
twice daily and (3) placebo control.

Transition from the DPP to the DPPOS and changes in the interventions
After being informed of the main DPP results (and a washout study [15] for the placebo and
metformin were then unmasked to their treatment assignments), all study participants were
offered a group-administered version of the 16-session lifestyle curriculum, under a ’bridge’
protocol [16] conducted from January to July 2002, which was nearly identical in content to
the DPP intensive lifestyle intervention, but individualized problem solving and behaviour
change support were not provided. Attendances at one or more session were 57% (placebo),
58% (metformin), and 40% (intensive lifestyle intervention) [16].

The DPPOS protocol, initiated in September 2002, offered quarterly lifestyle sessions to all
participants and an additional two group classes (BOOST) annually to DPP intensive
lifestyle intervention participants. The original metformin group continued to receive
unmasked metformin 850 mg twice daily, unless discontinued for safety reasons or the
participant had developed diabetes with HbA1c ≥ 53 mmol/mol (7%), requiring management
outside of the trial protocol.

Outcome assessment examinations continued on the same annual and semi-annual schedule
as in the DPP. During the DPPOS, 56.8% of the metformin participants without diabetes
took ≥ 80% of the prescribed metformin dose and 70.1% took metformin in any amount,
whereas 3.0% of former placebo without diabetes and 1.2% of intensive lifestyle
intervention participants without diabetes took metformin prescribed outside the study.
Attendance at quarterly lifestyle sessions did not differ by former treatment group.
Attendance at the BOOST sessions for the former intensive lifestyle intervention group
averaged 17%.

Measurements
Outcomes for this report consist of blood pressure and lipoprotein concentrations and
changes and the proportion of participants meeting diagnostic or treatment guidelines. Blood
pressure was measured with a standard mercury manometer with the participant seated in a
chair for 5 min prior to the first of two measures separated by 30 s, the mean of which was
used for analysis. Mercury manometers were replaced in August 2006 with aneroid (Welch
Allyn Tycos 767-series; XXXXX, XXXX, XX, XXXX) after careful assessment of
comparability of readings [17]. Hypertension was defined as use of anti-hypertensive
medications or systolic/diastolic blood pressure ≥ 140/90 for participants without diabetes or
systolic/diastolic blood pressure ≥ 130/80 for those with diabetes.

The Central Biochemistry Laboratory (Northwest Lipid Research Laboratories, University
of Washington, Seattle, WA, USA) performed all the laboratory analytical measurements.
Total plasma cholesterol and triglycerides were determined enzymatically using methods
standardized to the Centers for Disease Control and Prevention Reference Methods [18].
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HDL cholesterol analysis was performed after precipitation of apo B-containing lipoproteins
with dextran sulphate magnesium [19]. LDL cholesterol was calculated by the Friedewald
equation [20]. Lipoprotein fractions were separated using preparative ultracentrifugation by
β-quantification for triglycerides of 4.52 mmol/l or greater [20]. A non-equilibrium density-
gradient ultracentrifugation method was used to characterize LDL floatation rate [22,23].
The laboratory is a CDC Reference Laboratory for lipids. The assay precision is monitored
through the use of quality control materials with rigorously established acceptance/rejection
criteria. Per cent mean bias for triglycerides and total cholesterol showed little change
between 1999 and 2009, i.e. +0.23% and −3.21%, respectively, while for HDL cholesterol,
the corresponding mean bias was +2.98 and −5.21% (see also Supporting Information,
Appendix S1). Additionally, large batches of samples with low, medium and high lipid
levels are analysed on a monthly basis to monitor for possible long-term drift.
Dyslipidaemia is defined as having met any of the three criteria: triglyceride ≥ 1.7 mmol/l,
LDL cholesterol ≥ 2.59 mmol/l or use of lipid-lowering medications.

Statistical analyses
Between-group comparisons were performed using the χ2-test of independence for
qualitative variables and the ANOVA and Kruskal–Wallis test (as appropriate) for
quantitative variables

For analyses of changes over time in quantitative measures, we used the normal errors
longitudinal regression model [24] with adjustment for DPP baseline level. Interaction
between treatment groups and time was assessed by including an interaction term in the
model. We used R2 to assess the contribution of time-varying covariates to the observed
increase in HDL [25]. For the analysis of anti hypertension and anti-dyslipidaemic drug use
over time, we used generalized estimating equations with repeated measures over time [26]
to model the percentage of participants taking medicines. Analyses were performed using
SAS versions 8.1 and 9.1 (SAS Institute, Cary, NC, USA).

Although this follow-up study was not anticipated in the original DPP design, we present
between-group comparisons of cardiovascular disease risk factors for the total follow-up,
which consists of data from three phases of the study: (1) from DPP randomization through
the masked phase, (2) the bridge period and (3) the DPPOS follow-up to 27 August 2008.
While not independent of the ‘DPP-only’ and ’DPPOS-only’ analyses, these overall
analyses were included to describe the cumulative experience of the cohort.

Results
DPPOS enrolment did not differ significantly by sex or treatment group, but differed by
race/ethnicity, age, weight, BMI and diabetes status, being higher among American Indians,
those who were older, had lower weight/BMI or had developed diabetes by 1 September
2002 and lower in Hispanic and Asian Americans. Mean age was 50.4 years at DPP baseline
for DPPOS enrollees, 68% of whom were women. Table 1 shows the characteristics at key
time points during the follow-up period, specifically, DPP baseline, the end of the DPP (i.e.
the end of the masked phase) and years 1 and 5 of the DPPOS, which reflects observations
after the bridge and after 4 years of group-implemented lifestyle sessions. After 10 years of
follow-up (i.e. year 5 of the DPPOS) those in the lifestyle and metformin group retained
lower weight, waist circumference and BMI values than those in the placebo group.
Moreover, HbA1c and fasting glucose were lowest in the metformin group, while physical
activity (P = 0.099) differed little across groups. Smoking, although low overall, was least in
the lifestyle group and greatest in the placebo group.
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Table 2 shows absolute risk factor levels. The highly significant lower blood pressures seen
at the end of the DPP in the lifestyle group were no longer apparent at DPPOS year 5. Blood
pressure decreased remarkably in all groups from DPP baseline, with mean levels
approximating 121 mmHg systolic and 73 diastolic mmHg by DPPOS year 5. LDL
cholesterol did not differ significantly by treatment group at any time point; however, the
baseline imbalances in HDL cholesterol (lower) and triglycerides (higher) in the placebo
group were eliminated at DPPOS year 5. As with blood pressure, all groups showed
considerable improvements in LDL cholesterol, triglycerides and HDL cholesterol during
the DPPOS. These approximated a 0.52-mmol/l fall in both LDL cholesterol and
triglycerides and a 0.13-mmol/l rise in HDL cholesterol. Non-HDL cholesterol showed a
similar fall in all groups, but again no group differences were seen. The greater LDL particle
size noted at the end of the DPP in the intensive lifestyle intervention, compared with the
other groups, was no longer seen in DPPOS year 5, as it had fallen in both lifestyle and
metformin groups in contrast with the placebo group, which remained stable. At DPPOS
year 5, blood pressure medication use differed modestly but not significantly by treatment
group (P = 0.09), being lowest in the lifestyle group (41%) and highest in the metformin
group (52%). Lipid medication use, however, was significantly different (P = 0.01) by
DPPOS year 5, being lowest in the lifestyle group (32%).

Figure 1 depicts annual changes from baseline by treatment group. This analysis adjusts for
medication use at each time point; however, without adjustment, little difference is seen
from the patterns depicted. Significant falls in systolic blood pressure were seen in all three
treatment groups among those on anti-hypertensive medications, although these occurred
earlier (during the DPP) in the intensive lifestyle intervention group (data not shown). For
LDL cholesterol (and non-HDL cholesterol), similar declines in all groups were seen from
year 4 (during the bridge period) onwards, with concurrent rises in mean HDL cholesterol in
all groups of 0.06–0.08 mmol/l. The triglyceride pattern was, however, a little different and,
like systolic blood pressure, occurred earlier (during the DPP). We also examined the
possibility that the marked improvements in lipids during the DPPOS were primarily driven
by an increase in statin drug use, which increased from 4.4% at DPP baseline to 18% at
DPPOS year 1 and 31% at DPPOS year 5. However, the same pattern was seen irrespective
of statin use, although the absolute differences from baseline were, as expected, much
greater for triglycerides and LDL cholesterol in the statin users (Fig. 2). The HDL
cholesterol rise after 4 years’ follow-up (bridge period) was of a similar magnitude in all
groups. At the end of DPPOS follow-up, there were no lipid/lipoprotein differences by
treatment group after adjustment for statin use. Developing diabetes and thus receiving an
intensification of therapy did not explain these lipid patterns, as similar lipid (and blood
pressure) changes were seen in those who never developed diabetes. Also, in further
analyses, diabetic status was not a significant predictor of the HDL cholesterol rise.

We also examined the effect that current smoking status had on the changes in risk factors.
Overall, smoking rates decreased to 3.6% (lifestyle) to 6.5% (placebo) by DPPOS year 5
when rates were higher in the metformin group compared with the placebo group. Generally,
systolic blood pressure and HDL cholesterol levels were worse, and improvements
somewhat smaller, in current smokers, although only one significant difference by smoking
status was observed after 1 year in the lifestyle group, when a 3.5-mmHg drop was seen in
non-smokers and a 1.4-mmHg rise in current smokers. Categorical outcomes are shown in
Fig. 3 where, for either hypertension or lipid medication use, a tendency for lower use
during the DPPOS in the lifestyle group was seen, which became significant after 9 years for
blood pressure medication use and 7 years for lipid medication. The comparisons of lifestyle
vs. either metformin or placebo were significant. Figure 3 also shows the proportion of each
group who are either on drug treatment for hypertension (or dyslipidaemia) or who met
Amercian Diabetes Association blood pressure (or original 2001 National Cholesterol
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Education Program Adult Treatment Panel III [27]) guidelines for lipid treatment.
Prevalance of hypertension was consistently lower in the lifestyle group throughout the
DPPOS (overall P < 0.001), while for dyslipidaemia significant differences among groups
were seen after 9 or 10 years’ follow-up. For example, after 10 years, lifestyle had a lower
prevalence (47%) compared with metformin and placebo (both 55%). Because diabetes
status will affect both treatment guidelines and goals, as well as general clinical practice, the
impact of developing diabetes was further examined by using both diabetes status in mixed
models at each time point and by stratification according to diabetes status, i.e. censoring
participants at the time of diabetes diagnosis for those without diabetes and starting follow-
up at diabetes diagnosis for those with diabetes (Fig. 3). As expected, those with diabetes
consistently use more lipid-lowering and anti-hypertensive medications. It should also be
noted that, despite the lower incidence of diabetes in the lifestyle group, which translated to
a smaller proportion of participants subject to the more stringent criteria for hypertension,
participants without diabetes in the lifestyle group had lower prevalence of hypertension
compared with those in the metformin group (Fig. 3). After 10 years, 41% of the participants
in the lifestyle group without diabetes had hypertension compared with 50% and 45% in the
metformin and placebo groups, respectively.

Little impact of participation in the bridge lifestyle intervention on these risk factors was
seen. Similarly, no major differences were seen in the results reported here by racial group,
sex or age, and all interaction terms between treatment group and these demographic
variables were non-significant except for systolic and diastolic blood pressure changes in the
placebo group and diastolic blood pressure in the metformin group. Men in the placebo
group experienced less reduction in systolic/diastolic blood pressure compared with women
[systolic/diastolic blood pressure changes (SE) in mmHg were −0.12 (0.47)/−2.06 (0.31) vs.
−1.89 (0.32)/−3.51 (0.21)]. Similarly, in the metformin group men showed a lesser reduction
in diastolic blood pressure [−2.16 (0.29)] than women [−3.53 (0.21)].

Discussion
These results add to the evidence for the long-term benefits of the DPP interventions on
blood pressure and lipoprotein control and support the hypothesis that intensive lifestyle
intervention, in particular, has long-lasting benefits on blood pressure and triglycerides.
Particularly encouraging was the finding that, despite greater overall improvement in the
cardiovascular disease risk factor profile in all groups, both lipid and blood pressure
medication use was least for lifestyle participants. Finally, consistent with the modest impact
on weight loss and diabetes (compared with the effect in the DPP itself) of introducing
lifestyle intervention during the bridge period [16], little effect on cardiovascular disease
risk factors was noted. While it is difficult to separate out the long-term effects of the DPP
interventions per se from the impact of follow-up in the DPPOS, it would seem likely that
the original DPP lifestyle intervention has a sustainable benefit.

Clearly, these results do not prove that the DPP interventions will definitely reduce
cardiovascular disease events in the long term, a secondary outcome in the DPPOS.
However, when taken together with our previous reports on risk factors in the DPP [7] and
on the incidence and regression of the metabolic syndrome [8], they would be consistent
with such an outcome. However, it could be argued that, as absolute risk factor levels at the
end of the current DPPOS follow-up do not differ by DPP intervention group (even after
adjustment for medication use), similar outcomes might be achieved with more intensive
blood pressure and lipid medication use alone. However, this is to ignore the considerable
cost savings of less medication use in the lifestyle group and the lower exposure to potential
medication side effects. These benefits are, of course, in addition to the reduced diabetes
incidence, which we have shown still to still be apparent after a further 5 years’ follow-up in
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the DPPOS [14] and general health benefits. Thus although there is a strong coming together
of risk factors and adiposity by the end of the DPPOS follow-up reported here, meaningful
benefits of the interventions are apparent. A full cost-effectiveness analysis is in press.

A number of further findings merit discussion. Particularly striking is the greatly improved
lipoprotein profile seen in all participants. Mean LDL cholesterol fell approximately 0.52
mmol/l from DPP baseline, with most (c. 0.39 mmol/l) occurring during the DPPOS itself.
Similarly, HDL cholesterol rose approximately 0.16 mmol/l since DPP baseline and, again,
most occurring during the DPPOS for, as we previously reported, the DPP had little effect
on HDL cholesterol itself. Also remarkable is that (Fig. 2) the major breakpoints in the LDL
and HDL cholesterol curves seem to be c. around year 4 (3.4–5.0 years) from DPP baseline,
which on average corresponds to the beginning of the DPPOS, although the range of
duration of follow-up at first DPPOS visit was 3.4–7.1 years.

We considered a number of factors to explain these findings. Firstly, was this a laboratory
artifact? The quality control data showed little change and, at most, could only explain a 0.1-
mmol/l fall in LDL cholesterol and rise of 0.05 mmol/l in HDL cholesterol. Furthermore, the
marked change at year 4 follow-up would have occurred in terms of calendar time over a 3-
to 4-year period (because of staggered recruitment). Thus a laboratory/assay artifact or a
seasonal effect is unlikely.

Secondly, could these changes merely reflect improvements in the general population?
There appears to be some support for this, as a recent report [28], using National Health and
Nutrition Examination Survey (NHANES) data for 2003–2004 (approximately years 5 and 6
of our post-DPP baseline follow-up) showed a major (10%) rise from 1999 to 2000 in the
proportion of individuals at goal HDL cholesterol levels, while a 30-year analysis of trends
in serum lipids from the NHANES data sets from 1976 up to 2006 report a 0.08-mmol/l rise
in HDL cholesterol [29]. Similar rises are apparent in the Pittsburgh Epidemiology of
Diabetes Complications study (T. J. Orchard, personal observation) and in the placebo group
of the LIPID arm of the Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial
[13], both studies where, unlike in NHANES, assay methodology has not changed. Thus, a
general rise in HDL cholesterol may indeed be occurring. In addition, it should be noted
that, unlike in the NHANES data where a rise in triglycerides has been seen in recent years,
presumably reflecting increasing weight, in the DPPOS we did not see any rise in
triglycerides.

We further explored the potential role of statin use in this HDL cholesterol rise and could
not find any clear evidence for this explanation for, as shown in Fig. 3, the HDL cholesterol
rise was similar in users and non-users of statins. Statin use in our placebo group at year 4
(approximately 2003/2004) population was 17%, which is comparable with the 23%
reported from NHANES for dyslipidaemic subjects with the metabolic syndrome in 2003–
2004 [28]. We also could not explain this HDL cholesterol increase on the basis of the
minimal use of either fibrates or niacin. Other than oestrogen therapy and alcohol use, there
are few factors known to increase HDL cholesterol. Although we cannot explain the HDL
cholesterol rise, it is unlikely to be unique to the DPPOS.

Our findings highlight the relatively greater benefit of lifestyle for blood pressure control
than for lipids and provide a further stimulus to the incorporation of lifestyle intervention
into the basic therapy of all those with, or at risk of, hypertension. It is possible that the
nature of the lifestyle intervention (a behaviourally delivered combination of low-fat diet
and modest exercise) may have a greater impact on blood pressure than on lipids,
particularly HDL cholesterol, which rose only modestly during the DPP. The relatively high
polyunsaturated/saturated fatty acid ratio of the diet may have muted any HDL cholesterol
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rise [8], while the modest level of exercise may be adequate for a blood pressure effect but
not a lipid (e.g. HDL raising) effect. Metformin therapy continued to show benefits during
DPPOS follow-up and, although not as effective in many regards as lifestyle, was still
associated with benefit on blood pressure and showed overall a somewhat greater reduction
in LDL cholesterol than seen in the lifestyle group (data not shown). These results thus
further support the early adoption of metformin therapy in the glucose intolerant for
cardiovascular protection as well as diabetes risk reduction. We did not observe any
significant major race or gender differences, consistent with the overall results for diabetes
prevention.

A number of study limitations merit discussion. Firstly, we do not present cardiovascular
disease event data as there are insufficient numbers for meaningful analyses. Secondly, as
these data are from a clinical trial, they may not be generalizable to all those with impaired
glucose tolerance and/or early diabetes. However, follow-up participation in the DPPOS was
high (> 85%) and the original DPP population was enriched with at-risk minorities, which
adds to its relevance. Care and treatment decisions in the DPPOS were determined by the
participants’ personal healthcare providers, rather than the trial investigators, so medical
management was not standardized. While this has the advantage of providing an element of
real-world translation, the closer monitoring of glucose tolerance and cardiovascular disease
risk factors in the trial remains a potential bias. We have only examined the data using an
intention-to-treat approach and it is possible that results would have been different if we
limited the analysis to those who closely followed the protocol. Finally, during the DPP trial,
approximately 25% of participants developed diabetes, a figure which had risen to over 50%
after 10 years of follow-up. This may have profound effects on cardiovascular disease risk
factor management, although we did account for any diabetes effect in multivariate analyses.
It should also be noted that the full effect of lifestyle and metformin therapy on
cardiovascular disease risk will also be partially mediated by diabetes prevention/delay per
se, given the effect diabetes has on cardiovascular disease risk beyond the standard risk
factors.

In conclusion, extended follow-up of the DPP cohort has shown that, 10 years after
randomization, all groups have excellent and comparable lipid and blood pressure control
and thus any future difference in cardiovascular disease events by treatment group would
likely reflect a legacy effect of the DPP intervention period. Nonetheless, the current
equivalency of cardiovascular disease risk status by DPP treatment group with less
medication use in the lifestyle group is an advantage of lifestyle intervention.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Changes in cardiovascular disease risk factors from baseline by treatment group. Mean
changes from baseline are adjusted for baseline level. For triglyceride changes, the means
are calculated in the log scale and changes are calculated as (per cent change − 1) × mean at
baseline. Data presented are based on number of participants with annual visits, which
include: year 1 = 2711, year 2 = 2717, year 3 = 2698, year 4 = 2635, year 5 = 2584, year 6 =
2552, year 7 = 2519, year 8 = 2518, year 9 = 2473, year 10 = 1636.
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Figure 2.
Per cent change in (a) HDL cholesterol, (b) LDL cholesterol and (c) triglycerides by
treatment group and statin use at visit. Per cent changes in mean (95% CI) are adjusted for
baseline levels. The numbers represent participants included for the year and statin status.
Statin status is based on reported concomitant medications at current year.
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Figure 3.
Proportion of each treatment group meeting guideline criteria by diabetes status at each visit.
Data presented are percentage meeting guideline with 95% CI. The numbers represent
participants included for the year and diabetes status. Diabetes status is current status for the
year. Hypertension was defined as use of anti-hypertensive medications or systolic/diastolic
blood pressure ≥ 140/90 for participants without diabetes or systolic/diastolic blood pressure
≥ 130/80 with diabetes. Dyslipidaemia is meeting any of the three criteria: triglyceride ≥ 1.7
mmol/l, LDL cholesterol ≥ 2.6 mmol/l or use of lipid-lowering medications.
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