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Introduction

Prediabetes is referred to an intermediate metabolic state characterized by elevated blood sugar
levels that are higher than normal, but not yet reaching the diagnostic threshold for type II diabetes
(American Diabetes Association, 2021). It has been recognized as a "high-risk state" by the
American Diabetes Association (ADA), where majority of people may not experience clear
symptoms, yet it is closely tied to metabolic syndrome and significantly has an increased
susceptibility to developing not just diabetes but also other chronic conditions such as
cardiovascular  disease, stroke, cognitive dysfunction, and hypertension if left
unmanaged. (Ambade, 2020; American Diabetes Association, 2021; Fox et al., 2008; Hashemi et
al., 2022; Huebschmann et al., 2019; Lai et al., 2017; National Health Portal, 2016; Sattar et al.,
2019). The estimated prevalence of prediabetes in 2021 was 9.1% worldwide, which has been
projected to increase to 10.0% (638 million) in 2045 (Rooney et al., 2023). Based on a Nationally
representative study done by the Indian Council of Medical Research (ICMR) on metabolic non
communicable diseases, the weighted prevalence of prediabetes in 2021 in India alone was 15-3%,
and predicted number of people with prediabetes were around 136 million (Anjana et al., 2023).
Among the various factors influencing the transition of prediabetes such as demographic
characteristics, lifestyle behaviors, existing comorbidities, and family history; age and gender
stand out as non-modifiable yet critical determinants, each associated with distinct patterns of risk.
The risk of developing prediabetes has been shown to increase with advancing age (Hashemi et
al.,2022; Ligthart et al., 2016). Ageing is associated not only with a higher incidence of prediabetes
but also with a greater likelihood of its persistence and progression to type 2 diabetes (Bennasar-
Veny et al., 2020). Additionally, gender-based differences in the incidence and prevalence of

prediabetes have been documented; however, the extent and direction of these disparities vary



across studies. Some investigations have reported a higher prevalence among men (Andes et al.,
2020; Breyer et al., 2020; National Diabetes Statistics Report | Diabetes | CDC, n.d.) , whereas
others have found a greater prevalence among women (Hashemi et al., 2022; NARAYAN et al.,
2022), and several studies have observed no statistically significant gender differences. Notably,
this gender gap tends to narrow with advancing age (Herpt et al., 2020). In terms of age-specific
trends, research has shown that the peak prevalence of prediabetes among men occurs between
55-64 years of age, while women exhibit a higher prevalence at 65 years and older (Anjana et al.,
2011, 2017; Mohan V et al., 2016). Additionally, studies conducted in India have highlighted a
higher prevalence of prediabetes in urban populations across most age groups, with the exception
of those aged 65 years and above, where rural-urban differences tend to converge (Anjana et al.,
2011, 2017; Mohan V et al., 2016).

Prediabetes is a complex condition characterized by varying trajectories, with some individuals
progressing to type II diabetes while others remain stable or revert to normoglycemia. Despite its
high prevalence particularly among older adult, the natural history of glycemic progression,
especially the transition from normoglycemia to prediabetes or diabetes, remains incompletely
understood (Rooney et al., 2021). The widespread occurrence of prediabetes represents a
significant public health concern, given its substantially higher risk of progression to diabetes
compared to normoglycemia (American Diabetes Association, 2021; Anjana et al., 2015;
Bennasar-Veny et al., 2020; K. Narayan et al., 2021; K. M. V. Narayan & Kanaya, 2020; Pradeepa &
Mohan, 2021; Rooney et al., 2021; Tabak et al., 2012). Estimates suggest that the annual rate of
conversion from prediabetes to diabetes ranges between 5% and 10% (Bennasar-Veny et al., 2020;
Tabdk et al., 2012).

Conversely, numerous research investigations have explored the phenomenon of prediabetes
reversal, particularly through targeted interventions like structured lifestyle modifications
including increased physical activity and a 5-10% reduction in body weight—as well as certain
pharmacologic agents, can reduce the risk of progression to diabetes by approximately 40—70%
(Ramachandran et al., 2006; Rooney et al., 2021; Tabak et al., 2012; Tuso, 2014). As the earliest
clinically identifiable stage of dysglycemia, prediabetes offers a critical window for prevention,
wherein timely management of risk factors can significantly alter disease trajectory (Dagogo-Jack

et al., 2022; Echouffo-Tcheugui et al., 2018; Galaviz et al., 2022; Glechner et al., 2018; Perreault



et al., 2012; Ramachandran et al., 2006; Rattey KT & Rosenthal M., 2014; Rooney et al., 2021;
Tabak et al., 2012; Tuso, 2014).

Despite the growing global research focus on prediabetes, there remains a notable paucity of
region-specific studies in India that comprehensively examine the transitions from normoglycemia
to prediabetes, progression to diabetes, or potential reversal (Nazari et al., 2018). This gap is
particularly concerning given India’s high burden of diabetes and the recognized role of
prediabetes as a critical, modifiable stage in its pathogenesis. Evidence indicates that the transition
from prediabetes to diabetes is more rapid than from normoglycemia, underscoring the urgency of
identifying population-specific risk patterns and trajectories. A deeper understanding of the unique
characteristics and progression dynamics of prediabetes within the Indian context is essential for
informing early detection efforts and designing targeted, culturally appropriate interventions to
mitigate the growing diabetes epidemic. This study aims to estimate the incidence of diabetes
among individuals with baseline normoglycemia and prediabetes, and to quantify the transition
probabilities across glycemic states, with a particular focus on the progression from

normoglycemia to prediabetes, prediabetic reversal and from prediabetes to diabetes as well.

Methods

Data

This study utilized electronic medical records of a retrospective cohort comprising 1,670
individuals, aged 30 years and above, who were beneficiaries of a health service scheme of a
government hospital in Mumbeai, India. This hospital exclusively serves the employees of a specific
organization and their dependents free of cost and with uniform screening, forming a closed
population.

All individuals included in the cohort were free of diabetes at baseline (January 2012), but further
categorised as pre-diabetic and people with normoglycemia, which was based on the latest test

1'2. These baseline statuses were considered valid for each individual as

results available from 201
of January 1, 2012 (Day 1 of follow-up), who were followed for a period of ten years, till December

31, 2021, and the person-years at risk were calculated starting from January 1, 2012, to December

! To account for variability in testing dates, a 7-day window was applied; all blood tests conducted within this
period were grouped together to minimize fluctuations in diagnostic status

2 The study is a part of a broader research project and the methodology including the sample selection is published
elsewhere (Sharma et al., 2024).



31, 2021, or until the last available follow-up test result, death, or onset of diabetes, whichever
occurred first.

The classification of individuals as diabetic or pre-diabetic in this study followed the diagnostic
criteria outlined in the American Diabetes Association's Standards of care in Diabetes (Committee
etal., 2025). A diagnosis of diabetes was made if any of the following criteria were met: the Fasting
Plasma Glucose (FPG) >126 mg/dl (7.0 mmol/l), or Postprandial Glucose >200 mg/dl (11.1
mmol/l), or HbAlc > 6.5 percent. In accordance with ADA recommendations, a diagnosis of
diabetes was confirmed by repeat testing—either using a different test on the same day or the same
test on a subsequent day, if initial results were inconclusive or only one criterion was met. An
individual is considered to be pre-diabetic if he/she either has a glucose level between these cut-
offs: Fasting Plasma Glucose: 100<= FPG <126 mg/dL, or Postprandial Glucose: 140<= PPG
<200 mg/dL, or HbAlc: 5.7<= HbAlc < 6.5 percent.

The table below presents the detailed classification thresholds used for categorizing individuals
based on these three diagnostic tests. Individuals not meeting any of the above criteria were

classified as normoglycemic (normal glucose regulation) (Committee et al., 2025).

Table 1: Definition of diabetes and pre-diabetes as per the American Diabetes Association,

2021

Category Fasting Plasma Postprandial Glucose HbAlc
Glucose (FPG) (PPG)
Normoglycemia FPG <100 mg/ dL PPPG<140 mg/ dL HbA1c¢<5.7%
Pre-diabetic 100<=FPG<126 mg/ dL  140<=PPPG<200 mg/ 5.7<=HbA1¢<6.5%
dL
Diabetic FPG >= 126 mg/ dL PPPG>=200 mg/ dL HbA1c>=6.5%

Note: In the absence of unequivocal hyperglycemia, diagnosis requires two abnormal results from different tests which may be

obtained at the same time (e.g., A1C and FPG), or the same test at two different time points.

Further, it is important to note that the frequency of glycemic testing varied among beneficiaries,
as tests were conducted during outpatient visits at the discretion of patients and clinicians.
Consequently, not all individuals underwent all three diagnostic tests (FPG, PPG, and HbAlc) at
each time point. For the classification of diabetes and pre-diabetes, available test results within a

7-day window were considered. When multiple tests were available within this period,



classification was based on the most conclusive result (if any of the two tests abnormal) according
to ADA 2025 criteria. If only a single test was available, diabetes status was determined based

solely on that test.

Sample Characteristics

Table 2 summarizes the age and sex distribution of the 1,670 beneficiaries who were free from
diabetes at the baseline. Of the total sample, 748 (44.8%) were male and 922 (55.2%) were female,
indicating a slightly higher representation of females in the cohort. The mean age of the overall
cohort was 55.41 years, with males being older on average (58.55 years) than females (52.86
years). Further, a substantial proportion of the population i.e. 37% were aged 60 years and above,
suggesting that the sample skews toward an older demographic. When stratified by sex, 44% of
males (344 out of 748) and 29.5% of females (272 out of 922) fell within this older age bracket of
60 years and above. The 70+ age group alone accounted for 20.32% of males and 10.85% of

females, indicating a higher representation of older males in the cohort.

Table 2: Characteristics of sampled beneficiaries who were free from diabetes at the baseline

(N=1670)

Overall Male Female
Age Group Frequency Percentage Frequency Percentage Frequency Percentage
(age as 0f 2012) ™) (%) ™) (%) ™) (o)
30-34 50 2.99 8 1.07 42 4.56
35-39 112 6.71 32 4.28 80 8.68
40-44 200 11.98 50 6.68 150 16.27
45-49 214 12.81 86 11.5 128 13.88
50-54 252 15.09 114 15.24 138 14.97
55-59 226 13.53 114 15.24 112 12.15
60-64 218 13.05 122 16.31 96 10.41
65-69 146 8.74 70 9.36 76 8.24
70+ 252 15.09 152 20.32 100 10.85
Grand Total 1670 100 748 100 922 100
Mean age 55.41 58.55 52.86
% total 44.8 55.2

sampled

Statistical Analysis



Incident diabetes is defined as occurring if an individual is free from diabetes at the baseline
(2012) and has been subsequently diagnosed with diabetes in the follow-up years. i.e. if there is a
transition between the state normoglycemia or pre-diabetes to diabetes in any year between 1%
January 2012 to 31% December 2021. The incidence rate is calculated as the total number of new
cases of diabetes over the ten-year follow-up period divided by the total time that the sampled
beneficiary population was under risk of developing diabetes (person years contributed) >.

A multistate model was employed to estimate transition probabilities over time across three
mutually exclusive glycemic states: normoglycemia, prediabetes, and diabetes. The model allowed
for transitions from normoglycemia to prediabetes, normoglycemia to diabetes, prediabetes to
normoglycemia, and prediabetes to diabetes. Transition probabilities were estimated using the
Aalen—Johansen estimator, a non-parametric method that provides cumulative transition
probabilities based on observed data without assuming a specific distribution for the time to
transition. This estimator relies on the Nelson—Aalen approach for estimating cumulative hazards
and incorporates competing risks through the cumulative incidence function, allowing for flexible
and robust estimation of both transition probabilities and expected time spent in each state.

Statistical analyses were conducted using STATA version 16 and Python 3.x. Incidence rates and
state-specific transition probabilities over time in each state were estimated and visualized to

support interpretation.

Results

Incidence of Diabetes

The overall incidence of type II diabetes was calculated to be 20.94 cases per 1000 person years.
Further, it is found that the incidence rate of diabetes among the beneficiaries with baseline pre-
diabetes was 41.74 cases 1000 person-years (PYs), which was significantly higher compared to
those who had normoglycemia (i.e. normal blood glucose levels) with only 15.89 cases per 1000
PYs. Furthermore, the incidence rate of diabetes was found to be higher among males compared

to females with baseline pre-diabetes (44.60 cases per 1000 PY's in males and 39.75 cases per 1000

3 The person-time of observation, or observation time, is determined by calculating the total time for which an individual was at
risk. This is calculated as the time between the date of the event (i.e., diabetes diagnosis, censorship, death, or the end of follow-
up), whichever occurred first, and 1% January-2012. This time interval is then converted from days to months/years to facilitate
data analysis.



PYs in females). Table 3 presents the number of new diabetes cases over a 10-year period, the total

person-years contributed, and the corresponding incidence rates with 95% confidence intervals in

both groups.

Table 3: Incidence of diabetes (per 1000 PYs) among beneficiaries with normoglycemia and

beneficiaries with pre-diabetes over the period of ten years, 2012-2021 (baseline N=1670)

IS)::agtilrll;inagto f:lﬁz Person-years Newly diagnosed cases IR (95% CI)
contributed of diabetes per 1000 PYs
follow-up
Total 13132.87 275 20.94 (18.46,23.41)
Overall Normoglycemia 10569.65 168 15.89 (13.49, 18.3)
Pre-diabetes 2563.22 107 41.74 (33.83, 49.65)
Males Normoglycemia 4713.80 72 15.27 (11.75, 18.80)
Pre-diabetes 1053.79 47 44.60 (31.85, 57.35)
Females Normoglycemia 5855.84 96 16.39 (13.11, 19.67)
Pre-diabetes 1509.44 60 39.75 (29.69, 49.81)

Note: The person years contributed for those who were didn t visit the hospital from 2012 onwards was taken to be 0, hence not

impacted the results overall. IR: Incidence Rate, CI: Confidence Interval, PYs: Person years

Transition Probabilities for each of the glycemic states

Figure 1 presented below shows the Aalen—Johansen estimates of transition probabilities between
glycemic states over the 10-year follow-up period (120 months). The probability of transitioning
from normoglycemia to prediabetes increased gradually, reaching approximately 25% by the end
of the follow-up, indicating that one-fourth of the cohort developed prediabetes over the study
period. Among individuals with baseline prediabetes, the probability of progressing to diabetes
rose steadily and reached approximately 30% by the end of 120 months (10 years). In comparison,
the probability of direct transition from normoglycemia to diabetes remained low throughout the
follow-up, staying below 20%. Additionally, a substantial proportion of individuals with
prediabetes reverted to normoglycemia during follow-up with the highest transition probability.
The probability of reversion peaked early, approaching 60% within the first 24 to 36 months, and
declined gradually thereafter to 40% by the end of the follow up period.

Figure 1: Transition probability for each of the glycemic states of the multistate model over

the period of 10 years (120 months), 2012-2021
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Figure 2 presents the Aalen—Johansen estimates of transition probabilities between glycemic states
over a 10-year follow-up period, stratified by sex. Overall, the transition patterns were broadly
similar between male and female beneficiaries. However, the probability of transitioning from
normoglycemia to prediabetes was consistently higher and showed a steady increase over time
among males. Also, the probability of a direct transition from normoglycemia to diabetes remained
higher in males in comparison to females throughout the follow-up period.

Among individuals with prediabetes, the probability of progression to diabetes was notably higher
in males (~35%a) compared to females (~21%) at the end of the 120 months of timespan, with an
increasingly upward trend among in males. The findings show that the probability of reverting
from prediabetes to normoglycemia peaked early during the follow-up (within the first 24-36
months) for both sexes—approaching 60%—and declined gradually thereafter. However the
prediabetic reversal transition was observed higher among females, but no substantial sex

differences could be seen in the overall pattern.

Figure 2: Estimates of transition probability for each glycemic state estimated stratified by

sex for each of the states of the multistate model
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The figure 3 below illustrates age-related differences in transition probabilities across various
glycemic states. The probability of transitioning from normoglycemia to pre-diabetes increases
with age. The lowest probability is observed among individuals aged 30—34 years, remaining close
to 10% by the end of the follow-up period. In contrast, the highest transition probability
approximately 50% was observed in the 50-54 age group. Conversely, the probability of reversal
from pre-diabetes to normoglycemia over the 10-year period is highest among younger individuals,
particularly those in their early thirties, and shows a steady decline with advancing age. This
suggests that younger age groups are more likely to revert to normoglycemia, while older

individuals are at greater risk of progression to pre-diabetes.



Figure 3: Transition probability for each glycemic state estimated separately from the state of normoglycemia to pre-diabetes and diabetes for

each of the age groups*
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4 Age is considered as of 2012 i.e. the start of the follow-up




Discussion

Prediabetes represents a critical transitional state in the glycemic continuum, where early
metabolic dysregulation often occurs silently but carries a markedly increased risk for progression
to type Il diabetes. As the burden of diabetes continues to rise in India, understanding the trajectory
from normal glucose levels to prediabetes and how prediabetes affects the transition to developing
type II diabetes is essential for timely intervention and prevention strategies. Despite the high
prevalence of prediabetes, there remains a scarcity of longitudinal studies in India that explore
these transitions using clinical data. Addressing this gap, the present study estimated the incidence
of type II diabetes over a 10-year follow-up period in a closed cohort of individuals initially
classified as normoglycemic or prediabetic. Further the study also quantified the transition
probabilities associated with progression from normoglycemia to prediabetes, its reversal i.e.
prediabetes to normoglycemia and from prediabetes to diabetes, which contributes to a deeper
understanding of natural history of glycemic progression within an Indian population and provides
valuable insights for targeted screening, risk stratification, and public health planning.

The findings of this study indicate a substantially higher incidence of type II diabetes among
individuals with prediabetes at baseline compared to those with normoglycemia. Specifically, the
incidence rate among those with baseline prediabetes was found to be 41.74 cases per 1,000 person-
years, more than double the rate observed among normoglycemic beneficiaries, which was 15.89
cases per 1,000 person-years. These results are consistent with earlier evidence from a population-
based study in Chennai, which reported an even higher incidence of 78.9 per 1,000 person-years
among individuals with prediabetes (Anjana et al., 2015). Similarly, another Indian study reported
diabetes conversion rates of 58.9% among individuals with prediabetes and 19.4% among those
with normal blood glucose levels at baseline (Pradeepa & Mohan, 2021). The findings from the
Strong Heart Study (SHS) conducted among American Indians, revealed that the diabetes
incidence among those with baseline prediabetes was 66.1 cases per 1,000 person-years compared
to 23.4 cases per 1,000 person-years in normoglycemic individuals over a median follow-up of 7.8
years (Wang et al., 2010). Further, a significant and steady transition from prediabetes to diabetes
was observed in the cohort, with the cumulative risk reaching approximately 30% over ten years.
This persistent, moderate progression risk highlights the importance of prediabetes as a critical
window for intervention to prevent or delay diabetes onset. Our findings are consistent with prior

studies; for instance, a study (Bennasar-Veny et al., 2020) reported a 23% progression rate to



diabetes among prediabetic workers over a shorter follow-up period. Similarly, another study
(Tabdk et al., 2012) has estimated that 5-10% of individuals with prediabetes progress to diabetes

annually, emphasizing the substantial risk within this group.

The incidence of diabetes among individuals with baseline prediabetes in our study is comparable
with some previous studies and the overall direction of the findings also remains consistent. This
difference can largely be attributed to methodological and design-related variations. Our study
followed a retrospective cohort design with a 10-year follow-up period, during which individuals
underwent repeated testing at multiple, though irregular, time points. This allowed for continuous
monitoring and more precise identification of transitions based on dynamic changes in glycemic
status. We applied the American Diabetes Association (ADA) 2025 criteria (Committee et al.,
2025) and required confirmatory evidence from at least two diagnostic tests within a defined
window to classify individuals as diabetic or prediabetic. In contrast, many previous studies were
cross-sectional or used only two time points over an average interval of 8-10 years (Anjana et al.,
2015; Deepa et al., 2003; Ghorpade et al., 2013; Vijayakumar et al., 2019), with broader diagnostic
criteria or reliance on a single test, which may have led to higher and less temporally precise
estimates of diabetes incidence. Previous studies have observed huge differences in the progression
rates from pre-diabetes to diabetes based on definitional differences (Bennasar-Veny et al., 2020;
Davidson et al., 2021; Nazari et al., 2018), and due to heterogeneous nature of definition of pre-

diabetes as well (Wang et al., 2010).

The study also found that probability of transitioning from normoglycemia to prediabetes
increased gradually to approximately 25% by the end of follow-up, reflecting the slow metabolic
decline associated with older age-sex, urbanization driven lifestyle changes, and even obesity,
which are some of the socio-demographic characteristics of the studied cohort. In contrast, the
direct transition from normoglycemia to diabetes remained around 20%, confirming that while
bypassing prediabetes is possible, it is uncommon. This supports the conceptualization of
prediabetes as a critical, intermediate, and clinically actionable phase preceding diabetes onset.
Our findings align with previous studies; for example, a study reported a 16% ten-year transition
probability and a 8.7% five-year transition probability from normal glycemia to diabetes (Nazari

et al., 2018).



The present study revealed notable differences in the incidence rates of diabetes and transition
probabilities across age groups and between sexes. While age and sex are non-modifiable risk
factors, the progression from prediabetes to diabetes and the potential for reversion to
normoglycemia appear to be influenced by these demographic characteristics. Among individuals
with prediabetes, males exhibited a higher incidence rate of diabetes (44.60 cases per 1,000 person-
years) compared to females (39.75 cases per 1,000 person-years). This finding aligns with some
studies reporting a higher incidence among men (Engberg et al., 2009; Magliano et al., 2008;
Sharma et al., 2024; Vega et al., 2015), though others have observed a greater incidence among
women (Van Dieren et al., 2010; Wang et al., 2010). For instance, in contrast to our findings, a
cohort study with an 8-year follow-up reported lower diabetes incidence among prediabetic men
compared to women (57.6 vs. 72.4 cases per 1,000 person-years, respectively) (Wang et al., 2010).
However, a few studies have also reported that differences in the incidence of males and females
have not been statistical (Hyun et al., 2022; Urrutia et al., 2021). A particular observation from the
present study was the markedly higher cumulative probability of progression from prediabetes to
diabetes among males (~35%) compared to females (~21%) over the 10-year period. This
difference suggests that once prediabetes is established, males may be at a significantly greater
risk of progressing to overt diabetes. These sex-based differences may reflect underlying
physiological and behavioral factors, including hormonal influences, fat distribution, and
healthcare-seeking behaviors, underscoring the need for targeted strategies that account for sex-
specific risks in diabetes prevention and management. Additionally, the age was also found to be
a prominent factor influencing transition dynamics. The Aalen—Johansen estimates indicated that
the probability of transitioning from normoglycemia to prediabetes increased progressively with
age. Conversely, the likelihood of reversing from prediabetes to normoglycemia was highest
among younger individuals, peaking within the first few years of follow-up, and declined steadily
with advancing age. These patterns underscore the dynamic nature of prediabetes, particularly in
younger adults, and highlight the importance of early identification and intervention to maximize
the chances of glycemic recovery.

A key finding of the study was the substantial probability of reversal from prediabetes to
normoglycemia, particularly early in the follow-up period. The estimated probability of reversion

peaked at approximately 60% within the first 2-3 years and declined to around 40% by the end of



the 10-year follow-up. This high early reversion rate underscores the significant metabolic
flexibility during the prediabetic stage and suggests that reversals are most likely to occur soon
after prediabetes is detected. Such reversibility may be influenced by behavioral changes following
diagnosis, natural glycemic fluctuations (including regression to the mean), or timing-related
variation in testing. Notably, few Indian cohort studies have explored glycemic reversibility in
depth, making these findings particularly relevant for population-level diabetes prevention
strategies. The inverse association observed between age and the likelihood of prediabetic reversal
further emphasizes the importance of early detection and timely intervention especially among
younger individuals, where the physiological potential for normalization appears to be greater. In
contrast, older adults may require more intensive or sustained efforts to prevent progression due
to accumulated metabolic risk and reduced plasticity. Our findings are supported by international
evidence. For instance, a workplace cohort study from Spain reported that approximately 36% of
individuals with prediabetes reverted to normoglycemia within five years (Bennasar-Veny et al.,
2020). Similarly, the Atherosclerosis Risk in Communities (ARIC) study found that 13% of
prediabetic adults aged 45—64 years transitioned back to normal glucose regulation over a 6-year
period (Rooney et al., 2021). A Chinese cohort study (Yang et al., 2024) reported that 570 of 2,655
participants (21%) reverted to normoglycemia over a four-year follow-up. Estimates of reversion
rates have varied considerably in the literature, ranging from 9% to over 36% depending on
population characteristics and diagnostic criteria (Hu et al., 2025). In addition to age and sex, there
are several modifiable factors, identified in previous studies as facilitators of glycemic reversal,
including younger age, favorable metabolic profiles, higher levels of 25-hydroxyvitamin D and
free thyroxine (Chen et al., 2024), reduced remnant cholesterol, increased HDL cholesterol, and
engagement in moderate physical activity (Hu et al., 2025; Jeon et al., 2007). However, due to
limitations in the available data—particularly on biochemical parameters, BMI, and physical
activity—our study was unable to directly assess the role of these predictors.

Nevertheless, the high probability of reversal observed in our cohort provides strong support for
the notion that prediabetes is a modifiable condition. This reinforces the need for systematic
screening and early, targeted lifestyle interventions. Evidence from landmark trials such as the
Diabetes Prevention Program (DPP) and the Indian Diabetes Prevention Programme (IDPP) has
already demonstrated that weight loss, dietary changes, and increased physical activity can

significantly reduce diabetes incidence and even restore normoglycemia in high-risk individuals



(Dagogo-Jack et al., 2022; Galaviz et al., 2022; Glechner et al., 2018; Perreault et al., 2012;
Ramachandran et al., 2006; Tuso, 2014). Therefore, integrating strategies to identify and reverse
prediabetes—particularly in younger, high-risk adults—should remain a public health priority.

This study provides robust evidence on the incidence of diabetes among people with
normoglycemic and prediabetes, revealing a substantial risk of progression over time. By
employing a multistate model, we quantified the transition probabilities between glycemic states,
offering a detailed view of the dynamic and the natural history of glycemic deterioration and
emphasize a critical window during which early identification and intervention can be most
effective. The observed transition patterns underscore the importance of prediabetes as a key target
for risk stratification and preventative strategies. Addressing this stage with timely and targeted
public health interventions holds significant promise for curbing the growing burden of type 11

diabetes and improving long-term population health outcomes.
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