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A B S T R A C T   

The possible association of habitual physical activity (PA) and the risk of pre-diabetes (Pre-DM) progression to 
type 2 diabetes (T2D) or the chance of returning to normoglycemia was investigated. This cohort study included 
1167 Pre-DM individuals (mean age of 53.5 years, and 45.3% men) who participated in the third phase of the 
Tehran Lipid and Glucose Study (2006–2008) and followed up to a median of 9 years. PA, including leisure time 
and job activities, was measured using a reliable and validated Iranian version of the Modifiable Activity 
Questionnaire and reported as metabolic equivalent (MET)-minutes per week. The odds ratios (ORs) and 95% 
confidence intervals (CIs) of incident T2D and returning to normoglycemia were estimated in relation to PA 
levels (i.e., per every 500 MET-minutes/week, or across categories of PA levels < 600 as a reference, 600–1500 
and > 1500 MET-minutes/week). During the study follow-up, 39.0 % progressed to T2D, and 37.8% returned to 
normoglycemia. Compared to subjects with a PA < 600 MET-minutes/week, the chance of regression to nor-
moglycemia increased by 58% [OR = 1.58, 95% CI = 1.03–2.40 ~ relative risk (RR) = 1.32, 95% CI =
1.02–1.63] among the participants who had a PA > 1500 MET-minutes/week. We further noted that each 500 
MET-min/week activity corresponded to an elevated chance of returning to normoglycemia by 5% (OR = 1.05, 
95% CI = 1.01–1.11). The study’s findings provided evidence that higher daily PA levels may facilitate Pre-DM 
regression to normoglycemia. The beneficial effect of PA in Pre-DM subjects needs to exceed the recommended 
levels (i.e., 600 MET-minutes/week).   

1. Introduction 

Pre-diabetes (Pre-DM) is an intermediate state between normal 
glucose homeostasis and type 2 diabetes (T2D), characterized by 
elevated levels of fasting plasma glucose (100–125 mg/dL), 2-h plasma 
glucose (140–199 mg/dL), or glycated hemoglobin (HbA1c, 5.7–6.4%) 
(Association, 2020). The Pre-DM will progress into T2D within 10 years 
in 70% of patients (DeJesus et al., 2017). Less is known about the po-
tential factors that affect the regression or progression of Pre-DM; 
however, lower fasting plasma glucose, greater insulin secretion, 
younger age, weight loss, and intensive lifestyle modifications may 
facilitate Pre-DM regression to normal glycemia (Alizadeh et al., 2022; 

Perreault et al., 2009). 
Physical activity (PA) refers to “any bodily movement produced by 

skeletal muscles that requires energy expenditure” and includes “all 
movement during leisure time, for transport to get to and from places, or 
as part of a person’s work” (World Health Organization, 2018). As rec-
ommended by the American Diabetes Association (ADA), Pre-DM sub-
jects should have at least 150 min/week PA (Colberg et al., 2016). Pre- 
DM subjects who followed a training program had better oral glucose 
tolerance, fasting blood glucose, and decreased glycated hemoglobin 
(HbA1C) (Jadhav et al., 2017). A meta-analysis of 16 randomized 
controlled trials reported that Pre-DM subjects who received lifestyle 
intervention, including increased PA levels, had a lower rate of 
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progression to T2D after one (RR = 0.46, 95% CI = 0.32–0.66) and three 
years of follow-up (RR = 0.64, 95% CI = 0.53, 0.77) (Glechner et al., 
2018). 

Considering a high prevalence of insufficient PA among the Iranian 
population (Momenan et al., 2011), which is estimated to be responsible 
for 7.6% of developing T2D (Lee et al., 2012), here, we aimed to assess 
the possible association of PA levels (estimated as metabolic equivalent, 
MET-minutes per week) with the chance of regression to normoglycemia 
or progression to T2D within 9 years, in a cohort of middle-aged Pre-DM 
men and women. 

2. Methods 

2.1. Study population 

This study was conducted within the framework of the Tehran Lipid 
and Glucose Study (TLGS), an ongoing community-based prospective 
study started in 1999 on>15,000 participants aged 3–75 years to 
investigate and prevent non-communicable diseases in a representative 
sample in district 13 of Tehran, the capital city of Iran (Azizi et al., 
2018). During the third phase of the TLGS (2006–2008), 9645 adult men 
and women (aged ≥ 21 y) completed the examinations. For the current 
study, a subset of the third phase participants diagnosed with Pre-DM (n 
= 1167) with complete data (i.e., demographics, lifestyle, anthropo-
metric and biochemical measurements) was recruited. The study par-
ticipants were followed up to the sixth phase of the TLGS examination 
(2015–2017) for a median of 9 years. The measurements (demographics, 
anthropometrics, and biochemical) were repeated at three-year in-
tervals [in the fourth (2009–2011), fifth (2012–2014), and sixth 
(2015–2017) phases of the TLGS]. The flowchart of study participants is 
presented in Fig. 1. 

Written informed consent was obtained from all participants. The 
ethics research council of the Research Institute for Endocrine Sciences, 
Shahid Beheshti University of Medical Sciences, Tehran, Iran, approved 
the study protocol (Ethics code: IR.SBMU.ENDOCRINE.REC.1401.121). 

2.2. Demographic, lifestyle, anthropometric, and biochemical 
measurements 

Details of data collection and measurements (i.e., determining the 

status of occupation, marriage, education level, smoking habits, medical 
history, and medications, as well as anthropometric measurements) 
have been reported elsewhere (Azizi et al., 2000). Education level was 
categorized based on the study years [as primary/illiterate, 0–6 years, 
secondary/diploma, 6–12 years, and higher, > 12 years]. Marital status 
was reported in three groups single, married, and divorced/widowed. 
Smoking habits were considered into two statuses of smokers (current 
smoking) and non-smokers (never or pastsmoking). 

Systolic (SBP) and diastolic (DBP) blood pressures were measured 
using a standard mercury sphygmomanometer calibrated by the Insti-
tute of Standards and Industrial Research of Iran (Askari et al., 2014). 
Blood pressure was measured twice on the participants’ right arm after a 
15-minute rest in a sitting position, with at least a 30-second interval 
between the two measurements. The two measurements’ mean was 
considered the participant’s blood pressure. 

Details of biochemical measurements in the TLGS samples have been 
described in detail (Tohidi et al., 2014). Measurements were done after a 
12-to 14-h overnight fasting at baseline and all subsequent examina-
tions. In brief, serum glucose concentration was measured using an 
enzymatic colorimetric method using glucose oxidase (Pars Azmoon, 
Tehran, Iran). The standard 2 h-SG test followed oral glucose adminis-
tration of 82.5 g glucose monohydrate solution (equivalent to 75 g 
anhydrous glucose; Cerestar EP, Spain). Serum TG was measured using 
the enzymatic colorimetric method (Pars Azmoon, Tehran, Iran) (Tohidi 
et al., 2014). Intra- and inter-assay coefficients of variation (CV) 
were<5.0% for all measurements. 

2.3. Physical activity measurements 

Physical activity, including leisure time and job activities, was 
measured using a reliable and validated Iranian version (Momenan 
et al., 2012) of the Modifiable Activity Questionnaire (MAQ) (Kriska 
et al., 1990) at baseline (2006–2008). Details of the measurement have 
been reported by our TLGS research group elsewhere (Naseri et al., 
2020; Sheikholeslami et al., 2018). In brief, participants were asked for 
their physical activities, as well as the frequency and duration were 
multiplied for each activity over the past 12 months to get the total 
number of minutes/year for each leisure time physical activity (LTPA) 
and then divided by 52 to estimate total time in minutes/week. The 
metabolic equivalent (MET) of total LTPA for each person was then 

Fig. 1. The study flowchart.  
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calculated by multiplying the number of minutes/week of each LTPA by 
its Metabolic Task Equivalent (MET) value to get MET-min/week and 
adding the values across all reported LTPA to get a total LTPA value. Job 
physical activity (JPA) was calculated by multiplying the number of 
minutes per week of each of three categories of occupational activity 
(light, e.g., standing, moderate, e.g., housework, and heavy e.g., lifting 
loads) by assigned MET values for each category to get total MET- 
minutes/week. One MET is defined as the amount of consumed oxy-
gen at resting, equal to 3.5 ml O2 per kg BW × min. The MET is a simple, 
practical, and easily understood procedure for expressing the energy 
cost of PA as a multiple of the resting metabolic rate (RMR). MET rep-
resents the ratio of energy expended during an activity to the rate of 
energy expended at rest; e.g., a 4 MET activity expends 4 times the en-
ergy used by the body at rest. If a person does a 4 MET activity for 30 
min, he/she has done 4 × 30 = 120 MET-minutes (or 2.0 MET-hours) of 
PA (U.S. Department of Health and Human Services, 2008)(). The 
moderate-intensity activities are defined as 3.0 to 5.9 METs (e.g., 
walking 3 miles/hour), while vigorous-intensity activities are defined as 
≥ 6.0 METs (e.g., running 6 miles/hour or tennis) (U.S. Department of 
Health and Human Services, 2008). 

The subject’s total PA level was estimated by summing up LTPA and 
JPA and then was classified as low (MET < 600 min/wk), moderate 
(MET 600–1499 min/wk), and high (MET ≥ 1500 min/wk) levels 
(Kriska et al., 1990). 

2.4. Definition of outcomes and co-variates 

All Pre-DM subjects were assessed for the occurrence of the outcomes 
at three-year intervals (2009–2011, 2012–2014, or 2015–2017) during 
the study follow-up. Pre-DM was defined as having at least one of the 
IFG (100 ≤ FSG < 126 mg/dL) or IGT (140 ≤ 2 h-SG < 200 mg/dL) 
(Association, 2020). Returning to normal glycemia was defined as the 
first occurrence of both normal fasting glucose and normal glucose 
tolerance (NFG, i.e., FSG < 100 mg/dL and NGT, i.e., 2 h-SG < 140 mg/ 
dL); T2D was defined as the first occurrence of FSG ≥ 126 mg/dL or 2 h- 
SG ≥ 200 mg/dL, or self-reported use of glucose-lowering medications. 
A self-reported positive family history of T2D (FHD) was defined as 
having at least one parent or sibling with T2D. 

Hypertriglyceridemia was defined according to the NCEP ATP III 
diagnostic criteria as serum TG ≥ 150 mg/dL (1.69 mmol/L) or using 
lipid-lowering drugs (Grundy et al., 2005). Abdominal obesity was 
defined according to the report of the Iranian population by the Iranian 
National Committee of Obesity for the appropriate definition of meta-
bolic syndrome as WC ≥ 95 cm for both genders (Azizi et al., 2010). The 
Joint National Committee on Prevention, Detection, Evaluation, and 
Treatment of High Blood Pressure (JNC 8) (James et al., 2014) was used 
for the definition of hypertension (HTN), i.e., SBP ≥ 140 mmHg, DBP ≥
90 mmHg or medications for HTN. 

2.5. Statistical methods 

Statistical analyses were conducted using the SPSS for Windows 
version 20 (SPSS Inc., Chicago, IL, USA). Baseline characteristics of the 
participants were compared across the groups according to the final 
glycemic state, using analysis of variance (ANOVA) for the continuous 
variables with normal distribution or chi-square test for the categorical 
variables. Data are reported as mean (SD), median (inter-quartile range, 
IQR), or percent. The extreme outlier values for PA level were defined as 
values above or below three standard deviations; then they replaced 
outliers and extreme values with the nearest value that would not be 
considered extreme (Modeler, 2021). 

The odds ratios (95% confidence intervals, CIs) of Pre-DM regression 
to normoglycemia or progression to T2D were estimated using multi-
nomial logistic regression analysis; PA levels were included in the 
models both as continuous (per every 500 MET-minutes/week ~ 90 min 
walking for exercise with a rate of 3.5 miles/hours) and categorical 

(<600 as reference, 600–1500 and > 1500 MET-minutes/week) vari-
able. Potential covariates were selected based on scientific and statistical 
evidence (Alizadeh et al., 2022). A univariate analysis was performed 
for potential confounding variables, and those with PE < 0.2 were 
selected for the final multivariable model; PE (P-value for entry) de-
termines which variables should be included in the multivariable model 
(). Finally, three models were conducted: Model 1) adjusted for age, sex, 
and FSG; Model 2) additionally adjusted for BMI, FHD, HTN, and high- 
TG; Model 3) additionally adjusted for smoking and occupation. Because 
our outcomes are common in the study population (>10%), the adjusted 
ORs derived from the logistic regression can no longer approximate the 
relative risks (RRs) (Zhang and Yu, 1998). The ORs (95% Cis) of the final 
models were, therefore, converted by the following formula to approx-
imate the RR to adjust for outcomes incidence: RR = OR ÷ [(1-P0) + (P0 
× OR)], in which P0 indicates the incidence of the outcome of interest in 
nonexposed group (i.e., the incidence of the outcome in the low-PA 
group in this study) (Zhang and Yu, 1998). 

3. Results 

The mean age of the study participants was 53.5 ± 13.5 y, and 45.3% 
were men. During a median follow-up of 9.3 years (inter-quartile range 
= 8.0–10.2 years), 39.0% of the participants progressed to T2D, and 
37.8% regressed to normoglycemia. Table 1 represents the study par-
ticipants’ baseline characteristics. Participants who regressed to nor-
moglycemia were significantly younger and had lower FSG, 2 h-SG, and 
lower rates of HTN and abdominal obesity than those who progressed to 
T2D. They also had higher PA levels than those who remained Pre-DM 
(median = 1854, IQR = 1100–3223 MET-minutes/week vs. median =
1582, IQR = 704–2801). As indicated in Table 2, full-adjusted OR for 
regression to normoglycemia among the participants who had a PA >
1500 MET-minutes/week was 1.58 (95% CI = 1.03–2.40), compared 
with people who had a PA < 600 MET-minutes/week. The estimated RR 
from adjusted OR was 1.32 (95% CI = 1.02–1.63). 

Every 500 MET-minutes/week of PA was associated with an 
increased chance of returning to normoglycemia by 5% (OR = 1.05, 95% 
CI = 1.01–1.11). No significant association was observed between PA 
levels and the risk of developing T2D in Pre-DM subjects during the 
study follow-up. 

4. Discussion 

In a 9-year follow-up within a well-characterized cohort study, we 
observed that>1500 MET-min/week PA levels might facilitate regres-
sion to normoglycemia in Pre-DM subjects. Although, our findings 
indicated that the benefit of PA in Pre-DM subjects could be achieved 
even by relatively low levels (i.e., 5% increased chance of Pre-DM 
regression per each 500 MET-min/week ~ 90 min walking for exer-
cise with a rate of 3.5 miles/hours), considerable significant benefits are 
afforded for higher levels of PA (i.e., >1500 MET-min/week). Although 
previous studies reported the benefit of exercise programs on glucose 
homeostasis (Chang et al., 2020; Qu et al., 2022; Shah et al., 2021) and 
indicated the protective effect of PA against the development of T2D 
(Aune et al., 2015; Smith et al., 2016), it was not distinguished how 
much PA levels are needed to prevent developing T2D in Pre-DM sub-
jects or facilitate Pre-DM regression to normoglycemia. To the best of 
our knowledge, this was the first cohort of Pre-DM subjects to assess the 
possible association of PA levels with the regression/ progression of Pre- 
DM simultaneously. 

Several factors may affect the Pre-DM regression to normoglycemia; 
a previous report from our research group on a larger TLGS population 
indicated that regression to normoglycemia was associated with age 
[relative risk ratio (RRR) = 0.97, 95% CI = 0.95–0.99), female sex (RRR 
= 1.72, 95% CI = 1.18–2.50), high education level of ≥ 12 years (RRR =
2.10, 95% CI = 1.19–3.70), and combined IFG/IGT compared to IFG 
(RRR = 0.45, 95% CI = 0.29–0.70) (Alizadeh et al., 2022). 
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Pre-DM subjects are recommended to have at least 150 min/week of 
moderate-intensity activities (i.e., defined as 3.0 to 5.9 MET) (Colberg 
et al., 2016). Having a PA level ≥ 600 MET-min/week meets the United 
States physical activity guidelines (USDHHS, 2008) (U.S. Department of 

Health and Human Services, 2008). In the current study, 59.7% of 
Pre-DM subjects had fewer PA levels than the recommendations. The 
prevalence of inactivity was previously reported by 69.8% (95% CI =
68.7–70.8) in the Iranian population, and only 30.2% (95% CI =
27.2–33.1%) of men and 30.3% (95% CI = 27.7–32.8%) of women were 
reported to meet the recommended PA levels (8). About 8.3% (95% CI =
6.4–10.2) of premature deaths are attributed to inadequate levels of PA 
(Momenan et al., 2011). Furthermore, insufficient PA levels are 
responsible for 7% (3.9–9.6%) of T2D worldwide (Carlson et al., 2018); 
in Iran, estimated population-attributable fractions (PAF) associated 
with physical inactivity were reported as 7.6 (3.8–11.8) (Lee et al., 
2012). 

Adhering to the PA recommendations (at least 150 min/week of 
moderate-intensity activities) significantly improved glycemic control 
and cardiometabolic health among adults with pre-DM (Qu et al., 2022). 
An 8-week moderate exercise program (i.e., 30 min PA with heart rate 
max 7% for 5 days/week) in pre-DM subjects significantly improved 
glycemic control and enhanced total antioxidant capacity (Shah et al., 
2021). The aerobic-based activities spread as either 3 short (10–15 min) 
or frequent brief (1–5 min) bouts improved postprandial glucose and 
glycated hemoglobin in subjects with Pre-DM and T2D (Chang et al., 
2020). A 5-year follow-up study of Pre-DM subjects reported that 
moderate-to-vigorous-intensity PA was associated with improved insu-
lin sensitivity and β-cell function and a higher probability of Pre-DM 
regression to normoglycemia in middle-aged women (Færch et al., 
20172017). A dose–response meta-analysis reported a 26% (95% CI =
20–31%) reduced risk of T2D among those who achieved 11.25 MET-h/ 
week (equivalent to 150 min/week of moderate activity), compared to 
inactive individuals (Smith et al., 2016); higher levels of PA (22.5 and 60 
MET-h/week) was associated with further risk reductions by 36 and 
53% (Smith et al., 2016). Another meta-analysis showed that high vs. 
low levels of total PA and LTPA was associated with a reduced risk of 
developing T2D by 35% (RR = 0.65, 95 %=CI 0.59–0.71) and 26% (RR 
= 0.74, 95 % CI = 0.70–0.79), respectively; vigorous, moderate and low- 
intensity PA had a preventive effect about 39, 32 and 34% (RR = 0.61, 
95 % CI 0.51–0.74, RR = 0.68, 95 % CI 0.52–0.90, RR = 0.66, 95 % CI 
0.47–0.94), respectively (Aune et al., 2015). 

The current study had some limitations and strengths that should be 
considered. The main limitation of the current study is its observational 
design, i.e., it cannot determine causation, rule out possible recall bias, 
and remain unknown or residual confounding. A lack of sedentary time 
data also limited the finding. Although using METs as estimated habitual 
PA levels, assuming the same average intensity for each person for a 
particular activity may be another limitation it is nonetheless a robust 
metric, especially for self-reported PA data. Furthermore, due to po-
tential changes in individual’s PA levels and changes in other T2D risk 
factors during the study follow-up, some degree of misclassification 
might have occurred, which could lead to biased estimated hazard ratios 

Table 1 
Baseline (2006–2008) characteristics of the study participants (n = 1167).   

Remained Pre- 
DM 
(n = 271) 

Regressed to 
normoglycemia 
(n = 441) 

Progressed to 
T2D 
(n = 455) 

Age (y) 55.5 ± 13.2 51.1 ± 14.3 ab 54.6 ± 12.5 
Men (%) 49.8 43.1 44.8 
FHD (%) 18.4 22.0 29.4 
Medications    
Lipid-lowering 

(%) 
6.3 5.4 7.7 

BP-lowering (%) 8.9 7.0 9.0 
Current smoker 

(%) 
10.0 10.0 8.6 

Education    
Illiterate/primary 11.5 14.5 11.9 
Secondary/diploma 44.4 45.2 42.9 
Higher 44.1 40.3 45.3 
Job status    
Employed 31.9 30.8 33.2 
Unemployed 27.8 20.6 22.8 
House wife 39.6 48.2 44.0 
Marital status    
Single 1.9 5.2 3.1 
Married 88.5 85.7 85.9 
Divorced/widowed 9.6 9.0 11.0 
PA (MET-min/ 

week)†
1582 
(704–2801) 

1854 (1100–3223) b 1764 
(931–3222) 

Low 53.3 62.5 60.4 
Moderate 23.0 23.1 23.1 
High 23.7 14.0 16.5 
BMI (kg/m2) 28.8 ± 3.9 28.5 ± 4.4 30.1 ± 5.1 
Abdominal 

obesity (%) 
57.5 55.1 a 66.6 

HTN (%) 27.3 24.0 a 33.4 
High-TG (%) 58.8 51.7 64.6 
FSG (mg/dL) 101 ± 7.9 a 97.3 ± 9.1ab 105 ± 9.2 
2 h-SG (mg/dL) 135 ± 29.7 a 131 ± 29.9 ab 148 ± 30.4 

Data are mean ± SD or percent. 
T2D, type 2 diabetes; FHD, Family history of T2D; BMI, body mass index; 
Abdominal obesity (WC ≥ 95 cm); HTN, hypertension (systolic blood pressure ≥
140 mmHg, or diastolic blood pressure ≥ 90 mmHg, or using medications for 
HTN); FSG, fasting serum glucose; 2 h-SG, 2-hours serum glucose; high-TG 
(serum triglyceride ≥ 150 mg/dL or using medications for hyperlipidemia); 
Physical activity levels (Low < 600, moderate 600–1500 and high ≥ 1500 MET- 
min/week). 

† Median (inter-quartile rage, IQR). 
a Significant difference with T2D and b Significant difference with Pre-DM (P 

< 0.05); analysis of variance was used with Bonferroni post hoc test (the loga-
rithm of PA was used in the analysis due to its non-normal distribution). 

Table 2 
The odds ratio (95% CI) of prediabetes (Pre-DM) regression to normoglycemia and progression to type 2 diabetes (T2D) in relation to physical activity levels.   

Regressed to normoglycemia Progressed to T2D 

PA (MET-min/week) 600–1500 ≥1500 Per 500 600–1500 ≥1500 Per 500 

Crude 1.40 (0.88–2.25) 1.53 (1.02–2.29) 1.04 (0.99–1.09) 1.31 (0.82–2.08) 1.41 (0.95–2.09) 1.03 (0.98–1.08) 
Model 1 1.37 (0.84–2.23) 1.63 (1.08–2.46) 1.06 (1.01–1.11) 1.31 (0.82–2.10) 1.40 (0.98–1.01) 1.02 (0.97–1.07) 
Model 2 1.32 (0.81–2.16) 1.57 (1.04–2.40) 1.05 (1.00–1.10) 1.33 (0.82–2.16) 1.43 (0.95–2.17) 1.02 (0.97–1.07) 
Model 3† 1.32 (0.81–2.16) 1.58 (1.03–2.40) 1.05 (1.01–1.11) 1.35 (0.83–2.19) 1.45 (0.96–2.20) 1.03 (0.98–1.08) 

Data are ORs and 95% CI. 
Multinomial logistic regression was used. 
Model 1, adjusted for age, sex, fasting serum glucose (FSG). 
Model 2, additionally adjusted for BMI, FHD, HTN, High-TG. 
Model 3, additionally adjusted for smoking and occupation. 

† The expected RRs from the obtained adjusted-ORs (25) were 1.19 (0.87–1.55) and 1.32 (1.02–1.63) for normoglycemia in the PA levels of 600–1500 and ≥ 1500, 
respectively. For T2D, the expected RRs from the obtained adjusted-ORs were 1.19 (0.89–1.52) and 1.30 (0.97–1.49) in the PA levels of 600–1500 and ≥ 1500, 
respectively. 
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towards the null, as inherent in any prospective study. A major strength 
of this study was the use of a population-based cohort with detailed data 
on the most important potential confounders and multiple measure-
ments of glycemic parameters enabled us to monitor the study partici-
pants’ glycemic changes more precisely over time and detect the 
occurrence of the outcomes at mid-interval periods. Using multinomial 
logistic regression enabled us to include the exposure and three- 
categorized outcome variables (i.e., normal glycemia, Pre-DM, and 
T2D), improved the study power, and provided us the chance of 
comparing the Odds of the outcomes simultaneously. 

The findings of this longitudinal follow-up support the generally 
accepted notion of a graded association between PA and metabolic 
health and provide more evidence in support of the clinically mean-
ingful role of PA in increasing chance of returning to normoglycemia in 
Pre-DM adults. We highlighted the necessity for achieving a higher daily 
PA levels than the current recommendations in subjects at risk of T2D. 
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