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Abstract

Structured lifestyle interventions can reduce diabetes incidence and cardiovascular disease

(CVD) risk among persons with impaired glucose tolerance (IGT), but it is unclear whether

they should be implemented among persons without IGT. We conducted a systematic

review and meta-analyses to assess the effectiveness of lifestyle interventions on CVD risk

among adults without IGT or diabetes. We systematically searched MEDLINE, EMBASE,

CINAHL, Web of Science, the Cochrane Library, and PsychInfo databases, from inception

to May 4, 2016. We selected randomized controlled trials of lifestyle interventions, involving

physical activity (PA), dietary (D), or combined strategies (PA+D) with follow-up duration

�12 months. We excluded all studies that included individuals with IGT, confirmed by 2-

hours oral glucose tolerance test (75g), but included all other studies recruiting populations

with different glycemic levels. We stratified studies by baseline glycemic levels: (1) low-

range group with mean fasting plasma glucose (FPG) <5.5mmol/L or glycated hemoglobin

(A1C) <5.5%, and (2) high-range group with FPG�5.5mmol/L or A1C�5.5%, and synthe-

sized data using random-effects models. Primary outcomes in this review included systolic

blood pressure (SBP), diastolic blood pressure (DBP), total cholesterol (TC), low density

lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C), and triglycer-

ides (TG). Totally 79 studies met inclusion criteria. Compared to usual care (UC), lifestyle
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interventions achieved significant improvements in SBP (-2.16mmHg[95%CI, -2.93, -1.39]),

DBP (-1.83mmHg[-2.34, -1.31]), TC (-0.10mmol/L[-0.15, -0.05]), LDL-C (-0.09mmol/L

[-0.13, -0.04]), HDL-C (0.03mmol/L[0.01, 0.04]), and TG (-0.08mmol/L[-0.14, -0.03]). Similar

effects were observed among both low-and high-range study groups except for TC and TG.

Similar effects also appeared in SBP and DBP categories regardless of follow-up duration.

PA+D interventions had larger improvement effects on CVD risk factors than PA alone inter-

ventions. In adults without IGT or diabetes, lifestyle interventions resulted in significant

improvements in SBP, DBP, TC, LDL-C, HDL-C, and TG, and might further reduce CVD

risk.

Introduction

Cardiovascular disease (CVD) is the number one killer globally.[1] CVD is also the major

cause of morbidity and mortality among persons with diabetes, and the largest contributor to

health care costs associated with diabetes.[2,3] On the other hand, CVD and diabetes share

similar risk factors such as unhealthy diet, physical inactivity, and obesity.[2–4] Previous stud-

ies have demonstrated that structured lifestyle interventions incorporating physical activity,

diet, and behavior change strategies could prevent or delay type 2 diabetes incidence and

reduce CVD risk factors.[5–7] However, these major prevention trials focused on populations

with impaired glucose tolerance (IGT).[5–7] Although individuals with IGT are the priority

target population because they lie at the higher end of the diabetes risk spectrum, populations

without IGT but with other CVD risk factors may outnumber those with high diabetes risk

and have the same urgent needs for risk reduction, as many RCT studies have indicated.[8–14]

According to the American Diabetes Association’s (ADA) definitions of pre-diabetes (which

includes impaired fasting glucose (IFG): 100-125mg/dL), about 60% of US individuals with

pre-diabetes do not have IGT,[15] and according to the World Health Organization’s (WHO)

definition of intermediate hyperglycemia (measured by fasting plasma glucose (FPG): 110-

139mg/dL), about 70% of individuals with this condition do not have IGT.[16] Whether life-

style interventions should be applied more broadly to the population at lower risk (i.e. those

below the IGT threshold) to reduce CVD risk needs to be examined.

According to an American Heart Association (AHA) Special Report,[17] cardiovascular

health is defined by 7 metrics, including health behaviors and health indicators as follows:

smoking status, body mass index (BMI), physical activity (PA) levels, healthy diet scores, total

cholesterol (TC), blood pressure (BP) level, and fasting plasma glucose level. To achieve the

AHA ideal cardiovascular health promotion goal, each indicator must fall into certain ranges

(e.g., FPG<100 mg/dL). This definition of cardiovascular health addresses health behaviors

and health indicators related to both CVD and diabetes, and thus offer guidance for how to

achieve improvements in preventing both CVD and diabetes at the same time.

Evidence regarding the effects of lifestyle intervention on CVD risk reduction has previ-

ously been systematically synthesized by examining 6 of the 7 CVD health indicators men-

tioned above, especially by examining the different stratum of BMI (e.g., moderate weight loss

will reduce both diabetes and CVD risk among overweight or obese populations[5–7]), as indi-

cated by the 2013 AHA/ACC Guideline on Lifestyle Management to Reduce Cardiovascular

Risk.[18] However, how this evidence is aligned with the stratification of different glucose lev-

els is still unclear. Lack of this information may prevent public health practitioners from fully

understanding the role lifestyle interventions can play in reducing both diabetes and CVD risk
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among populations with varying risk levels. In contrast, a synthesis of evidence on the impact

of lifestyle interventions among populations with different risk levels may help to inform deci-

sions regarding the allocation of finite public health resources.

We conducted a systematic review to assess the aggregated impact of lifestyle interventions

on glucose regulation and CVD risk factors among adults (age�18 years) without IGT or dia-

betes. By conducting this review, we intend to answer the following research question: can life-

style interventions similar to those found efficacious among populations with IGT achieve the

same magnitude of improvement in CVD risk reduction among populations with lower diabe-

tes risk? We also aimed to examine whether lifestyle interventions focused on diet, PA or their

combination have varying impact on CVD risk reduction. To understand how to reach the

comprehensive goal of preventing both CVD and diabetes, we also examined how the lifestyle

interventional effect on CVD risk reduction is related to the effect sizes of glucose improve-

ment and weight loss.

Materials and methods

Search strategy and selection criteria

We followed Cochrane Collaboration standards for a meta-analysis of randomized control

trial (RCT) studies to develop our protocol.[19] We systemically searched MEDLINE,

EMBASE, CINAHL, Web of Science, the Cochrane Library, and PsychInfo databases, from

inception to May 4, 2016. Medical Subject Headings, text words, and search strategies are pre-

sented in our online-only supplements (S1 File). We examined reference lists of all included

studies and relevant reviews for additional studies. We directly contacted authors to clarify

data as needed.

We selected RCTs published in any language that examined lifestyle strategies involving PA

and/or dietary (D) interventions, among adults (�18 years) and with glycemic indicators and

CVD risk factors reported as intervention outcomes (e.g., systolic blood pressure (SBP), dia-

stolic blood pressure (DBP), TC, low density lipoprotein cholesterol (LDL-C), high density

lipoprotein cholesterol (HDL-C), or triglycerides (TG)). Included studies investigated persons

without IGT or diabetes. We excluded all studies that included individuals with IGT, con-

firmed by 2-hours oral glucose tolerance test (75g), but included all other studies recruiting

populations with different glycemic levels. However, to examine whether there was heteroge-

neity of effect by baseline glycemia, we grouped all studies as: (1) low range glycemia group

with mean fasting plasma glucose (FPG)<5.5mmol/L or mean glycated hemoglobin (A1C)<

5.5% and (2) high range group with mean FPG�5.5mmol/L or mean A1C�5.5%. Data from

the low and high range glycemic groups were analyzed separately. We only included interven-

tions with a follow-up interval of at least 12 months.

Study selection and data extraction

Two reviewers independently reviewed each article title and abstract for inclusion. If any dis-

agreement occurred between two reviewers, a third reviewed the item and consensus was

reached through discussions.

We extracted data regarding demographic and intervention characteristics. Primary out-

comes included SBP, DBP, TC, LDL-C, HDL-C, and TG. In our review, all interventions were

classified as PA alone, D alone, or combined interventions (PA+D). PA interventions included

any strategy used to promote physical activity levels using counseling, exercise prescription,

and/or a supervised or unsupervised exercise program. D interventions included any strategy

used to reduce or control calorie intake, e.g., very low-calorie diet (<800 kcal/d) or low-calorie

diet (800 to 1500 kcal/d). Studies using combined PA and D strategies usually also employed
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behavioral modification strategies, including counseling, education, cognitive-behavioral ther-

apy, or social support, as an intervention component.

Statistical analysis and quality assessment

We assessed study quality by examining potential selection, attrition, and detection bias.[19]

We did not exclude any study that was considered poor quality (e.g., studies with attrition

�30%). However, we conducted a sensitivity analysis to compare pooled effects between stud-

ies with potentially significant bias and those without. For example, for those studies with attri-

tion�30%, their data were not used in our primary meta-analyses, but were used in our

sensitivity analyses.

Among studies with similar intervention and comparison groups reporting a similar out-

come of interest, we conducted meta-analyses to determine pooled effects. We calculated the

mean difference between baseline and follow-up measures for the intervention (I) and com-

parison (C) groups (delta I and delta C) and the standard error of each difference. We used

three strategies to estimate pooled effects: (1) stratified by baseline glucose levels (low range vs.

high range); (2) stratified by the length of follow-up (12months vs. 13–23 months vs.�24

months); and (3) stratified by type of interventions (PA vs. D vs. PA+D).

We used DerSimonian and Laird random-effects models[20] to determine pooled effects.

Effect size was defined by the mean difference between delta I and delta C divided by the stan-

dard deviation of the mean. We used meta-regression to determine whether various study-

level characteristics (mean age, follow-up interval, duration of the intervention, number of

intervention contacts, attrition, and year of publication) affected the between-group differ-

ences in SBP, DBP, TC, LDL-C, HDL-C, and TG, and we examined interaction terms for all

models. We also used meta-regression analyses to examine the relationship between interven-

tional effects on CVD risk reduction and interventional effects on diabetes risk reduction mea-

sured by the effect sizes of glucose improvement and weight loss. The meta-regression was

conducted using SPSS (version 20.0, Armonk, NY: IBM Corp.). We used the chi-squared test

to examine heterogeneity, and we used Cochrane Review Manager software (version 5.1;

Copenhagen, Denmark) to calculate pooled effects.

If a comparison group in a study used a similar approach as the intervention group did, but

only differed in dose, intensity, or frequency (e.g., diet plan A vs. diet plan B; or swimming vs.

walking), we analyzed the effects of treatment in a single arm model to determine within-

group changes (between post-intervention and pre-intervention in one arm) for both inter-

vention and comparison group. These effects were also estimated by using the DerSimonian

and Laird random-effect model. We did not, however, conduct any sensitivity analysis for

these studies. Because this paper focused on the net lifestyle intervention effect (any lifestyle

intervention vs. no intervention [e.g., usual care (UC)]), pooled effects from our single arm

model are not reported in our results section, but are presented as an online supplementary

table (Table C in S1 File).

Results

Seventy-nine studies[10,11,13,14, 21–95] and 30 companion publications[9,96–124] encom-

passing 15618 participants (Table 1: range, 20 to 1089) fulfilled the inclusion criteria (Fig 1).

Follow-up time ranged from 12 to 54 months. The mean age of the participants was 50.6 years

(range, 30.2 to 70.4 year), and mean BMI was 30.5 kg/m2 (range, 23.3 to 38.7 kg/m2). Mean

baseline SBP, DBP, TC, LDL-C, HDL-C, and TG were 127.5 mmHg, 79.2 mmHg, 5.4 mmol/L,

3.3 mmol/L. 1.3 mmol/L, and 1.5 mmol/L, respectively. More studies took place in community

settings than in clinics (58 vs. 21). Sampling methods varied, but most participants were
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recruited through screening programs. Attrition ranged from 0% to 60%, and in 16 studies,

[21,34–36,45,60,62,66,69,74,76,78,81,82,86,94] attrition was 30% or more; longer follow-up

resulted in higher attrition. Thirty-nine studies with mean FPG <5.5mmol/L or mean A1C

<5.5% were classified as low range group, and 40 studies with mean FPG�5.5mmol/L or

mean A1C�5.5% were classified as high range group.

We observed considerable heterogeneity in the treatments provided to both intervention

and comparison groups (Tables A&B in S1 File). In 29 studies, a similar approach was used in

both intervention and control groups: data from these studies were synthesized by a single arm

model, and are presented in Table C in S1 File as an online supplement. In the other 50 studies,

UC was used in the control group. In the 50 studies that compared an intervention to UC, 38

had two arms, 5 studies[49,64,87,88,91] had 3 arms, and 7 studies[13,24,28,44,54,62,93] had 4

arms (e.g., PA, D, PA+D and control arm). The randomization procedure was described in 48

studies (Table B in S1 File). In 29 studies, allocation concealment was adequately reported.

Meta-regression analyses indicated that there was no significant interaction between the

between-group change in FPG and all study-level characteristics, such as mean age, publica-

tion date, the length of F/U, number of contacts, attrition, and their interaction terms. An

Egger’s plot demonstrated a symmetrical shape distribution (except for two outliers) which is

consistent with no publication bias.

Changes in CVD risk factors

In 57 studies or study arms comparing interventions to UC with attrition <30%, the pooled

effect estimate from all studies demonstrated that compared to UC, all lifestyle interventions,

Fig 1. Study flow diagram. CINAHL, Cumulative Index to Nursing and Allied Health Literature EMBASE,

Excerpta Medica Database MEDLINE, Medical Literature Analysis and Retrieval System Online PsycInfo,

Psychological Information Database WOS, Web of Science.

https://doi.org/10.1371/journal.pone.0176436.g001
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including PA, D, or PA+D interventions, achieved significant improvements in SBP

(-2.05mmHg [95%CI, -2.81, -1.28]), DBP (-1.65mmHg [-2.16, -1.14]), TC (-0.09mmol/L

[-0.14, -0.04]), LDL-C (-0.08mmol/L [-0.13, -0.03]), HDL-C (0.03mmol/L [0.01, 0.04]), and

TG (-0.08mmol/L [-0.14, -0.03]) (Table 2). When including the 15 studies with attrition�30%

in the sensitivity analysis, we observed similar effects. The remaining results are limited to

studies with attrition <30%.

Comparison according to participant baseline glycemic level

In the 39 studies among persons with low range glycemic level, lifestyle interventions were

associated with significantly improved SBP (-0.95mmHg [-1.75, -0.15]), DBP (-1.40mmHg

[-2.24, -0.56]), LDL-C (-0.08mmol/L [-0.14, -0.02]), and HDL-C (0.01mmol/L [0.00, 0.03])),

except for TC (-0.06mmol/L [-0.13, 0.01]) and TG (-0.04mmol/L [-0.10, 0.02). In the 40 studies

among persons with high range glycemic level, lifestyle interventions significantly improved

most CVD risk indicators, and the improvements were more substantial: SBP (-2.89mmHg

[-3.95, -1.83]), DBP (-1.83mmHg [-2.50, -1.17]), TC (-0.12mmol/L [-0.18, -0.05]), LDL-C

(-0.10mmol/L [-0.18, -0.01]), HDL-C (0.04mmol/L [0.02, 0.06]), and TG (-0.12mmol/L [-0.21,

-0.04]).

Comparison according to intervention modality

Analyses stratified by intervention types showed that PA+D vs UC achieved the best incre-

mental improvements in SBP (-2.29mmHg [-3.19, -1.40]), DBP (-1.66mmHg [-2.24, -1.09]),

TC (-0.10mmol/L [-0.16, -0.05]), LDL-C (-0.08mmol/L [-0.14, -0.02]), HDL-C (0.03mmol/L

[0.02, 0.05]), and TG (-0.07mmol/L [-0.13, -0.01]). D vs UC showed significant improvements

in two categories: DBP (-2.28mmHg [-4.07, -0.49]), TC (-0.17mmol/L[-0.34, -0.01]); improve-

ments in other measures did not reach statistical significance. Improvements with PA vs UC

did not reach statistical significance in any category: SBP (-0.72mmHg [-1.89, 0.44]), DBP

(-1.12mmHg [-2.34, 0.10]), TC (-0.02mmol/L [-0.09, 0.06]), LDL-C (-0.03mmol/L [-0.18,

0.12]), HDL-C (0.01mmol/L [-0.02, 0.04]), and TG (-0.10mmol/L [-0.22, 0.02]). Pooled effects

of CVD risk reduction are presented in Figs 2–7.

Comparison according to length of follow-up

In 34 studies or study arms with 12 months of follow-up, lifestyle interventions significantly

improved all CVD risk factors: SBP (-2.07mmHg [-3.19, -0.95]), DBP (-1.62mmHg [-2.29,

-0.95]), TC (-0.06mmol/L [-0.10, -0.01]), LDL-C (-0.08mmol/L [-0.13, -0.02]), HDL-C

(0.02mmol/L [0.01, 0.03]), and TG (-0.08mmol/L [-0.14, -0.03]). For 7 studies or study arms

with 13–23 months of follow-up, significant improvements were observed in four CVD risk

factors: SBP (-1.73mmHg [-2.80, -0.65]), DBP (-1.25mmHg [-2.02, -0.48]), TC (-0.19mmol/L

[-0.26, -0.11]), and LDL-C (-0.12mmol/L [-0.19, -0.05]). When the follow-up was�24 months

(n = 14), significant improvements remained visible only for: SBP (-1.58mmHg [-2.71, -0.45]),

DBP (-1.36mmHg [-2.30, -0.41]), and HDL-C (0.05mmol/L [0.02, 0.08]).

Correlation between interventional effects on CVD risk reduction and

glucose change and weight loss effect sizes

Findings from meta-regression analyses demonstrated that except for LDL-C category, Pear-

son’s correlation, r between CVD risk reduction effect sizes and glucose effect sizes ranged

from 0.73 to 0.83 in SBP, DBP, TC, HDL-C, and TG, but r between CVD risk reduction effect

sizes and baseline FPG were very low, only ranging from 0.26 to 0.44 in SBP, DBP, TC,
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HDL-C, and TG. The r between CVD risk reduction effect sizes and weight followed the same

patterns: except for LDL-C category, r between CVD risk reduction effect sizes and weight loss

effect sizes ranged from 0.51 to 0.75 in SBP, DBP, TC, HDL-C, and TG, but r between CVD

risk reduction effect sizes and baseline weight were very low, only ranging from 0.02 to 0.30 in

SBP, DBP, TC, HDL-C, and TG. Compared to weight loss, glucose response is a better indica-

tor of the CVD risk factor response because the glucose response has a stronger correlation

with the CVD risk factor response as r ranges showed above (Table 3).

Discussion

In this review of the effectiveness of lifestyle interventions on the reduction of CVD risk factors

among adults with low glycemic levels (below the IGT threshold), we found that lifestyle inter-

ventions, including physical activity, diet, and behavioral modification, can significantly

improve CVD risk profiles, including SBP, DBP, TC, LDL-C, HDL-C, and TG. When stratified

by glycemic levels, we found similar intervention effects between studies of participants with

low vs high-range glycemic levels, except for TC and TG. Greater improvements were

observed among studies with 12 months of follow-up than those with longer follow up, such

that only SBP, DBP, and HDL-C improvements were sustained after 24 months. Studies that

used a combined strategy of PA and D had the strongest effect on improving CVD profiles, fol-

lowed by studies using D interventions only; studies only using a PA intervention strategy had

the weakest effect. We have previously reported that multi-faceted interventions combining

PA and D are effective in improving glucose regulation in populations with average low-range

and high-range glucose levels.[125] The results of the present analyses suggest the effect of

such interventions also applies to traditional biologic CVD risk factors.

Fig 2. changes in systolic blood pressure in the intervention versus usual care groups (mmHg).

Group 1: low-range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range glycemic group

(FPG�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity, UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g002
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Lifestyle interventional effects on CVD risk reduction observed in our studies among peo-

ple without IGT or diabetes are consistent with those from the main trials of diabetes preven-

tion among persons with IGT. For example, the US Diabetes Prevention Program (DPP)

Study among people with IGT reported improvements in CVD profiles for all categories as

measured by the mean differences between lifestyle intervention and placebo groups. The

magnitude of improvements in CVD profiles in the DPP[126] in 1-year follow-up are consis-

tent with those from our review (DPP vs this review: SBP, -2.50 vs -2.07 mmHg; DBP, -2.71 vs

-1.62 mmol/L; TC, -0.06 vs -0.06 mmol/L; LDL-C, -0.02 vs -0.08 mmol/L; HDL-C, 0.01 vs 0.02

mmol/L; TG, -0.18 vs. -0.08 mmol/L, respectively). This comparison is also true for other

major diabetes prevention trials (e.g., Finish Diabetes Prevention Study).[127]

Our findings may have important implications for decision makers in the areas of both dia-

betes and CVD primary prevention. Our meta-regression analyses indicated that the magni-

tude of improvements in CVD risk profiles is less correlated with baseline glucose level, but

highly correlated with the effect sizes of glucose improvement. Meanwhile, the meta-regression

analyses also indicated that the magnitude of improvements in CVD risk profiles is less corre-

lated with baseline body weight, but highly correlated with the effect sizes of weight loss. We

thus conclude that lifestyle interventions may provide important benefits across the full distri-

bution of glycemic levels and body weight, including populations with glycemic levels below

the IGT threshold, for both the low and high ranges of baseline FPG, and for populations with

normal weight but with CVD risk factors. However, economic factors as well as the effective-

ness of interventions influence decisions regarding the types of interventions provided to indi-

viduals with glycemic levels below the IGT threshold.[128,129] The cost-effectiveness of

Fig 3. changes in diastolic blood pressure in the intervention versus usual care groups (mmHg).

Group 1: low-range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range glycemic group

(FPG�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity, UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g003
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lifestyle interventions that can simultaneously reduce diabetes and CVD risk among individu-

als with glycemic levels below the IGT threshold should be examined.

Our findings demonstrate that lifestyle interventions, compared to UC, achieved improve-

ment in both diabetes prevention and CVD risk reduction, and these improvements were not

only statistically significant, but also have clinical relevance. Previous studies indicated that

each 0.03 mmol/L increase in HDL-C is associated with the reduction of coronary heart dis-

ease risk by 2–3%,[130] and each 5 mmHg reduction in SBP and 2 mmHg reduction in DBP

reduce stroke risk by 13% and 11.5%, respectively.[131] According to an epidemiology study, a

1% decrease in total cholesterol leads to a decrease in the incidence of coronary events by 2%.

[132] One study also indicated that weight loss improved CVD profiles because each kilogram

change in body weight was related to the change in the risk of coronary heart disease by 3.1%.

[133]

Given that lifestyle intervention program participants in our reviewed studies usually

achieved improvements in CVD across a full spectrum of outcomes simultaneously, the overall

combined benefits brought by lifestyle interventions could be amplified. An estimation of

overall effect on CVD risk would be helpful for our understanding the importance of interven-

tional impact. Unfortunately, although there are several models available for CVD risk calcula-

tion (e.g., Framingham Risk Score,[134] and the ACC/AHA CVD risk calculator[135]), we are

not aware of any available estimation model by which we can calculate the overall combined

effect of changes of different individual risk factor. Further research and validation test, there-

fore, maybe needed for creating this model. If this kind model is available in the future, we can

apply this model to our meta-analytic findings to estimate the overall combined effect of

Fig 4. changes in total cholesterol in the intervention versus usual care groups (mmol/L). Group 1:

low-range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range glycemic group (FPG

�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity, UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g004
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changes of different individual risk factor. For example, if a population, through lifestyle and

behavior changes, achieved CVD risk reductions as much as showed in our meta-analyses, we

can estimate the overall health benefits (e.g., how many CVD events can be prevented in the

future). Despite this unavailability, the improvement in glucose regulation[125] coupled with

our findings regarding the improvement in CVD risk reduction suggested that lifestyle inter-

ventions can achieve a comprehensive improvement goal as stated in AHA Special Report[17]

of preventing CVD and diabetes simultaneously among persons with lower diabetes risk.

Strong evidence shows that PA programs have important independent effects on non-insu-

lin-mediated glucose transport, markers of inflammation, insulin resistance, blood pressure,

lipid profile, fitness, and improved lean-to-fat mass ratio.[136] Our findings suggest that these

effects were more likely observed in studies using multi-component interventions, including

PA, calorie restriction, and behavioral support but less so for PA-only interventions. This find-

ing may be related to methodological shortcomings in exercise-only interventions such as low

adherence, insufficient exercise volume or length of intervention. Previous studies suggest that

it may take up to 2 years for a previously sedentary obese individual to attain enough volume

of exercise to effectively reduce CVD risk factors, and individuals in unverified, out-patient

interventions are less likely to engage in the prescribed amount of exercise.[137,138] However,

we previously reported that exercise-only interventions in our included studies significantly

reduced FPG and body weight[125] which in turn further prevented diabetes. Since PA-related

improvements in glucose regulation and weight loss can lead to reductions in CVD risk pro-

files, potential indirect benefits should be taken into account when interpreting our findings.

Fig 5. changes in low density lipoprotein cholesterol in the intervention versus usual care groups

(mmol/L). Group 1: low-range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range

glycemic group (FPG�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity, UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g005
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Unhealthy lifestyle factors are related to the atherosclerotic process and these long-term

exposures lead to the clinical manifestations of cardiovascular events.[139] A previous study

also indicated that lifestyle changes, only in the long-term, are likely to lead to CVD risk factor

reduction.[30] Our findings demonstrate that the effects of lifestyle changes on the reduction

in CVD risk factors reached their highest point at 12 months of follow-up, then gradually

decreased over time. This may reflect the fact that the longer-term intervention may be more

effective on reducing CVD risks only if participates remain highly adherent to the intended

interventions, which is seldom observed. It could be also true that using CVD mortality, rather

than CVD risk reduction alone, to measure the long-term effect of lifestyle changes on CVD is

more appropriate as the extended legacy findings of the Chinese Da Qing Study indicated.

[140]

Because we used a comprehensive search strategy including all major medical databases, we

found a large number of eligible studies. Pooled effects based on a large sample size provide

more robust findings than those from any single study. Our review has some limitations as

well. First, lifestyle interventions were used in heterogeneous settings, among different popula-

tions of varying ages, health status, and race/ethnicity background. While the main compo-

nents of the lifestyle interventions were generally PA and D, each of the strategies had its own

requirements in type, dose, intensity, and frequency. UC also had varying definitions among

different comparison groups. Heterogeneity across studies was also reflected in the length of

intervention, duration and follow-up, and number of sessions. However, our meta-regression

analyses found no interactions between the between-group change in glycemic indicators and

study-level characteristics. We also stratified our data syntheses by glycemic level, length of

Fig 6. changes in high density lipoprotein cholesterol in the intervention versus usual care groups

(mmol/L). Group 1: low-range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range

glycemic group (FPG�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity. UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g006
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follow-up, and type of interventions, taking the heterogeneity among included studies into

account. Second, although we stratified by level of glycemic risk at the study level, there was

considerable heterogeneity within studies, and the nature of aggregated data prevented indi-

vidual level classification by glucose level. As a result, there was likely considerable overlap in

participant characteristics between low range and high range glycemic groups in our study,

which may introduce some misclassification bias. Misclassification bias could be also

Fig 7. Changes in triglycerides in the intervention versus usual care groups (mmol/L). Group 1: low-

range glycemic group (FPG<5.5mmol/L or A1C <5.5%). Group 2: high-range glycemic group (FPG

�5.5mmol/L or A1C�5.5%). D, diet, PA, physical activity, UC, usual care, vs, versus.

https://doi.org/10.1371/journal.pone.0176436.g007

Table 3. Correlation between CVD Risk Reduction and FPG and Weight.

CVD risk reduction R

Effect size Baseline FPG FPG effect size Baseline weight Weight loss effect size

SBP 0.32 0.752 0.068 0.506

DPB 0.259 0.728 0.023 0.58

TC 0.301 0.827 0.127 0.75

LDL-C 0.186 0.117 0.196 0.18

HDL-C 0.437 0.82 0.301 0.708

TG 0.38 0.82 0.172 0.707

Abbreviations: CVD: cardiovascular disease; DBP: diastolic blood pressure; FPG: fasting plasma glucose;

HDL-C: high density cholesterol; LDL-C: low density cholesterol; SBP: systolic blood pressure; TC: total

cholesterol; TG: triglycerides

https://doi.org/10.1371/journal.pone.0176436.t003
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introduced by usage of both FPG and A1C in our review to identify population with low glyce-

mic risks. Although a previous study indicated that the agreement between FPG and A1C is

high,[141] they are not equal with each other.[142] Because of this misclassification bias, some

individuals identified as with low glycemic risks could actually have glucose metabolism

abnormalities. Audiences need to be cautious when interpreting our findings.

Conclusions

Our review is the first comprehensive examination of the impact of lifestyle interventions on

risk for progression of dysglycemia and CVD risk reduction among persons below the IGT

threshold. This systematic review suggests that lifestyle change is critical to both CVD risk

reduction and diabetes prevention across the full spectrum of risk, complementing the major

trials of diabetes prevention that focused on persons with IGT. This review also provides sup-

portive evidences for designing strategies aimed at reducing CVD burden as delineated in the

AHA Strategic Impact Goal through 2020 and Beyond.[17] Our findings demonstrated that

among adults without IGT or diabetes, PA and D interventions, especially combined can sig-

nificantly improve SBP, DBP, TC, LHL-C, HDL-C, and TG, in addition to glucose regulation

and weight loss, and that these risk reductions may further prevent CVD events.
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