International Journal of Digital Health & Patient Care - 2026, 3(1), 44-53

/
&

NDPA /

—~ PUBLISHING —

International Journal of

Digital Health & Patient Care

e-ISSN : 3023-851X

https://ndpapublishing.com/index.php/

An Innovative Approach in Healthcare: Personalized Nutrition Supported by Digital Twin
Technology in the Management of Type 2 Diabetes

Fatimah Mohammed Abbas Abbas "' and Rahime Evra Karakaya?

1 R Ankara Yildirim Beyazit University, Department of Nutrition and Dietetics, Tiirkiye, rekarakaya@aybu.edu.tr
Corresponding author: fatimahmohammedabbas99@gmail.com

Cite this study:

Abbas, F. M.A,, & Karakaya, R. E. (2026). An Innovative Approach in Healthcare: Personalized Nutrition

Supported by Digital Twin Technology in the Management of Type 2 Diabetes. Int. ]. Digital Health & Patient
Care, 3(1), 44-53.

4 https://doi.org/10.67015/ijdhpc.339

Review Article

Received: 31 March 2026
Revised: 13 may 2026
Accepted: 02 June 2026
Published: 30 June 2026

Keywords

Type 2 Diabetes Mellitus
Digital Twin
Personalized Nutrition
Artificial Intelligence
Glycemic Control

\ check for
updates

1. Introduction

Type 2

Diabetes

ABSTRACT

Type 2 Diabetes Mellitus (T2DM), characterized by chronic hyperglycemia, is a major
global health problem associated with increased morbidity, mortality, and healthcare
costs. This narrative review aimed to evaluate the clinical effects of personalized nutrition
(PN) approaches supported by Digital Twin (DT) technology in the management of T2DM.
A comprehensive literature review was conducted using indexed databases, including
PubMed, Scopus, Web of Science, and Google Scholar, without time restrictions and limited
to articles published in English. Relevant studies focusing on artificial intelligence (AI), DT
technology, PN, continuous glucose monitoring (CGM), and diabetes management were
analyzed. The findings indicate that DT-supported PN approaches, which integrate Al,
Internet of Things (IoT)-based systems, CGM data, lifestyle factors, and physiological
parameters, may contribute to improved glycemic control and individualized diabetes
management. Studies reported reductions in HbAlc levels, insulin resistance, medication
requirements, and improvements in certain metabolic and cardiovascular risk markers.
In addition, DT technology enables the creation of virtual metabolic models that allow
simulation of treatment outcomes and support early intervention strategies. However,
important limitations remain, including challenges related to data integration, model bias,
high implementation costs, and concerns regarding data privacy and security. In
conclusion, DT-supported PN approaches represent a promising next-generation strategy
for T2DM management by enhancing personalized care and supporting glycemic control.
Further large-scale and long-term studies are needed to confirm their clinical
effectiveness, cost-efficiency, and applicability in routine healthcare practice.

[2]. The increasing prevalence of diabetes and its
associated macrovascular and microvascular
complications pose a significant global health

Mellitus  (T2DM),

characterized by chronic hyperglycemia, is a
metabolic disorder resulting from insulin resistance
and pancreatic beta-cell dysfunction [1]. According
to the International Diabetes Federation (IDF),
approximately 589 million adults aged 20-79 years
(11.1% of the global adult population) were living
with diabetes in 2024. The total number of cases is
projected to reach 853 million by 2050 due to
demographic factors such as population ageing and
urbanization, representing a 45% increase. These
projections confirm that diabetes is one of the 21st
century's fastest-growing global health challenges

burden due to morbidity, mortality, and healthcare
costs [3].

Medical nutrition therapy (MNT) is a
cornerstone in the management of T2DM, aiming to
improve glycemic control and metabolic health
through individualized dietary plans that consider
patient preferences and comorbidities [4,5].
Carbohydrate regulation, including the reduction of
total carbohydrate intake and the prioritization of
low glycemic index foods, has been shown to
effectively lower postprandial glucose and insulin
resistance [4,6]. Moreover, low-energy and very-
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low-energy diets, characterized by moderate to
severe caloric restriction, contribute to weight loss
and improved cardiometabolic markers. These
outcomes are critical for T2DM management,
although long-term adherence remains a challenge
[7, 8]. Widely recommended dietary patterns such
as the Mediterranean diet consistently demonstrate
benefits in glycemic control, cardiovascular risk
reduction, and overall metabolic outcomes, often
independent of weight loss; this diet emphasizes
monounsaturated fats, fiber-rich foods, and
balanced macronutrient distribution [9]. In
addition, low-carbohydrate diets, incorporating
ketogenic regimens that induce nutritional ketosis,
have demonstrated substantial decreases in fasting
blood glucose and HbAlc levels. However, these
diets can be challenging to sustain over an extended
period and necessitate careful monitoring [10].

However, contemporary nutritional
interventions for T2DM are largely based on 'one-
size-fits-all' approaches, which may not fully
capture the substantial inter-individual variability
in physiological and metabolic characteristics,
particularly in postprandial glycemic response
(PPGR) profiles. This may result in the attainment
of suboptimal therapeutic outcomes in a proportion
of patients [11, 12]. These limitations emphasize the
necessity for more individualised approaches that
take into account patient-specific metabolic
characteristics in diabetes management. In this
context, personalized nutrition (PN) offers an
innovative approach aimed at enhancing the clinical
effectiveness of dietary recommendations by
integrating multidimensional variables such as
genomic data, gut microbiome profiles, and
environmental exposures [13]. Building upon this
concept, Digital Twin (DT) technology, represents
an advanced and innovative extension of PN by
creating a virtual and dynamic replica of an
individual’s physiological and metabolic processes
[14].

DT  technology integrates numerous
physiological parameters specific to diabetes
patients such as continuous glucose monitoring
(CGM), medication regimens, diet, and physical
activity in real-time. This comprehensive data
synthesis enables the model to effectively manage
the high glycemic variability and complex
pharmacological treatments characteristic of
diabetes. In this context, the DT approach
represents a significant clinical advancement in
diabetes management by offering a holistic and PN
strategy that addresses the multifaceted nature of
the disease [15]. This technology can predict PPGRs
by synthesizing CGM sensor data, Internet of Things
(IoT)-driven lifestyle metrics (such as physical
activity, heart rate, and sleep), and machine
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learning (ML)-based artificial intelligence (AI)
algorithms [16].

Despite the growing interest in DT
applications in healthcare, the integration of DT
technology with PN strategies for the management
of T2DM remains an emerging field of research. This
study was designed as a narrative review to
evaluate and synthesize the current evidence
regarding DT-supported PN approaches in T2DM
management. Specifically, this review aims to
examine how DT technology, integrated with Al,
CGM, and lifestyle-related data, may contribute to
glycemic control, metabolic outcomes,
individualized dietary interventions, and diabetes-
related risk management. In addition, the review
discusses the current limitations, challenges, and
future clinical potential of DT-supported PN
strategies in diabetes care.

2. Materials And Methods

This study was conducted as a narrative
review of the current literature on DT-supported
PN approaches in T2DM management. Relevant
studies published in English were identified
through searches of the PubMed, Scopus, Web of
Science, Google Scholar databases without time
restrictions. The search strategy included
combinations of the following keywords: “Type 2
Diabetes Mellitus,” “Type 2 diabetes remission,”

“Digital Twin technology,” “DT technology,”
“Precision Nutrition,” “Personalized Nutrition,”
“PN,” “Artificial Intelligence,” “Al” “machine

learning,” and “glycemic control.” Studies focusing
on DT technology, Al-supported nutrition
interventions, glycemic management, and PN in
T2DM management were included. Non-English
publications and studies unrelated to T2DM or DT-
supported PN approaches were excluded.
Approximately 30 pioneering and recent studies
were evaluated in this review.

3. Personalized Nutrition (Pn) In Type 2
Diabetes Mellitus (T2dm) Management

Although nutritional intervention is one of
the cornerstones of T2DM in the prevention and
management, traditional "one-size-fits-all", low-
calorie, or low-carbohydrate dietary approaches
may not always achieve optimal glycemic control in
all patients due to substantial inter-individual
variability in metabolic responses [17]. Clinical
research has demonstrated that individuals can
exhibit markedly different PPGRs to the same foods,
even when the carbohydrate content is identical,
which has highlighted the need for personalized
approaches in nutritional science [11,18,19]
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Therefore, rather than replacing conventional
dietary approaches, personalized nutrition aims to
refine and optimize these strategies by accounting
for individual metabolic variability.

3.1. Definition of personalized nutrition (PN)

Personalized nutrition (PN) is an approach in
which dietary recommendations are tailored
according to an individual’'s genetic profile,
microbiota composition, metabolic phenotype, and
lifestyle data [20]. Unlike conventional population-
based dietary guidelines, this model integrates
specific biological and behavioral data to provide
more targeted nutritional strategies [21, 22]. Data-
driven dietary plans are developed using high-

throughput "omics" technologies (e.g.,
nutrigenetics, metabolomics), CGM systems, and Al-
supported algorithms [23,24]. Furthermore,

integrating Al with wearable technologies has the
potential to enable real-time monitoring of
individual metabolic status and support dynamic
dietary adjustments [25].

3.2. The role of PN in T2DM management

The fundamental role of PN in T2DM
management is to improve glycemic control by
predicting individuals' glycemic responses to
nutrients [13]. Predictive models developed using
ML algorithms can help identify which foods may
lead to unfavorable glycemic responses in
individual patients, thereby enabling more targeted
dietary recommendations. Research has indicated
that such personalized dietary strategies may lead
to improvements in HbAlc levels and postprandial
glucose responses compared with conventional
dietary approaches [26, 27]. Furthermore, diets
arranged according to an individual's genetic
makeup (e.g., TCF7L2 gene variations) may play
role in managing insulin resistance and predicting
treatment response [28]. It has also been reported
that personalized dietary approaches based on the
modulation of the gut microbiota have been
associated with improvements in HbAlc levels and
reductions in systemic inflammation and may
contribute to the management of cardiometabolic
comorbidities, such as hypertension [29]. Several
physiological and lifestyle factors, including gut
microbiota, genetics, dietary patterns, physical
activity, and sleep, contribute to variability in
PPGRs between individuals. It is important to
consider the following factors when assessing the
potential of PN to enhance glycemic management in
individuals with T2DM [11,18,30]. The findings
suggest that PN could represent a paradigm shift in
the management of T2DM, moving from a passive
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dietary approach to an active and personalized
treatment process based on multi-layered patient
data [17].

4. Digital Twin (Dt) Technology And T2dm
Management

In the context of diabetes management,
Digital Twin (DT) technology has the potential to
function as an advanced decision support tool by
creating a dynamic, data-driven  virtual
representation of an individual's metabolic
processes. This approach facilitates the simulation
of treatment responses and the personalization of
adaptive interventions, thereby optimizing their
efficacy [31].

4.1. The concept and definition of DT technology

The notion of DT was initially proposed by
Michael Grieves in 2002 [32] within the paradigm of
product lifecycle management, and subsequently
formalised by the National Aeronautics and Space
Administration (NASA) in 2010 [33] for the physical
simulation of spacecraft. At its core, a DT can be
defined as a virtual replica of a physical entity,
process, or system, characterized by a continuous,
bidirectional data exchange between the physical
counterpart and its virtual copy [34]. Within the
domain of healthcare, the Medical Digital Twin is
delineated as a dynamic virtual model that
integrates an individual's physiological
characteristics, genetic profile, and lifestyle data in
real time. This technology has the potential to
transform healthcare services by shifting the focus
from a reactive approach to a proactive, predictive,
and personalized structure [35].

4.2. Operational mechanism of DT technology in
T2DM management

The operational mechanism of DT in the
management of T2DM is based on multimodal data
collection, Al-supported analysis, and real-time
feedback loops [14, 27]. The system is comprised of
the following fundamental components:

4.2.1. Data acquisition and integration

The foundation of DT technology in T2DM
management relies on multimodal data collection.
This process involves the real-time collection of
physiological data, including glucose levels, heart
rate, sleep quality, and physical activity, through
CGM systems, wearable sensors, and loT-based
applications. These data sources are integrated with
electronic health records (EHR), laboratory
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findings, and lifestyle parameters (e.g., diet,
pharmacological treatment). Together, these
datasets enable the development of a
comprehensive and personalized digital model that
can simulate an individual's metabolic processes
with a high degree of accuracy [15, 27, 36].

4.2.2. Data processing and modeling

The collected heterogeneous and multimodal
datasets are processed using Al and ML algorithms,
enabling the development of an individualized
dynamic metabolic model. These algorithms can be
used to predict the effects of variables such as
nutritional inputs and physical activity on PPGRs
[11, 37]. In this context, ensemble learning methods
such as CatBoostRegressor and Random Forest play
an important role in analyzing inter-individual
glycemic variability [19, 38], while deep learning
architectures such as Long Short-Term Memory
(LSTM) networks enable proactive glycemic
predictions by modeling the temporal and non-
linear dynamics in glucose levels [39]. These
analytical processes support the continuous
updating of the DT model with metabolic data and
contribute to the optimization of personalized
therapeutic interventions [27].

4.2.3. Simulation and personalized intervention

Within the virtual model generated by DT
technology, individualized treatment strategies can

be determined by testing different nutritional and
pharmacological scenarios. Whole Body Digital
Twin (WBDT) technology creates a digital
representation of a patient's metabolism and
delivers personalized recommendations related to
nutrition, sleep, and physical activity to balance
blood sugar through mobile applications. In
particular, DT-based systems enable the
optimization of dietary interventions by predicting
individual PPGRs to specific foods [11, 15, 40].

For instance, dietary interventions employing
the DT approach utilize a colour-coded
classification system (e.g., red: avoid, yellow: limit,
green: preferred) to identify foods that trigger
glucose spikes. Unfavorable foods are replaced with
suitable alternatives to optimize personalized diets.
These approaches may also follow a stepwise
strategy (restriction, reintroduction, maintenance)
and are continuously updated using real-time CGM
and wearable data. The efficacy of personalized
recommendations is further supported by
behavioral nudges and clinician-guided digital
coaching [15, 27].

Overall, the technological infrastructure
transforms the traditional reactive treatment model
into a proactive, predictive, and real-time structure.
Big data analytics further enables human-centered
personalized medicine approaches rather than
population-based general recommendations [41].
The operational mechanism of DT technology in
T2DM management is summarized in Figure 1.
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Figure 1. Operational mechanism of digital twin technology in type 2 diabetes mellitus management
CGM: Continuous Glucose Monitoring, EHR: Electronic Health Records, Al: Artificial Intelligence, ML: Machine Learning, PPGRs:
Postprandial Glycemic Responses, DT: Digital Twin, LSTM: Long Short-Term Memory
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5. Clinical Outcomes of Dt-Supported Pn in
T2dm

In the management of T2DM, DT technology,
integrated with PN interventions, has emerged as a
promising approach. Growing evidence suggests
potential clinical benefits across various
parameters, including glycemic control, diabetes
remission, reduction in medication use, and
improvements in metabolic and cardiovascular
health. Available evidence suggests that these
benefits may emerge early and, in some studies,
appear to be sustained over follow-up periods [15,
16, 36, 42-50].

At the three-month follow-up, initial analyses
revealed significant metabolic improvements,
characterized by a mean reduction of 1.9% in
HbAlc, a 6.1% decrease in body weight, and a
56.9% reduction in HOMA-IR. These improvements
were accompanied by reductions in anti-diabetic
medication use, with a substantial proportion of
insulin-treated participants discontinuing insulin
therapy and decreases observed in the use of other
glucose-lowering agents [16]. Furthermore, a rapid
progression in diabetes reversal stages was
observed, with the proportion of patients in the
most advanced stage (Stage 6: =3 medications)
decreasing from 85% to 11%, while those achieving
stages requiring no medication or metformin
monotherapy (Stages 1-4) increased from 9% to
82% [36]. Interim data also confirmed favorable
changes in cardiometabolic biomarkers including
sdLDL, TG/HDL ratio, Visceral Adiposity Index
(VAI), and cardiovascular risk (Framingham Risk
Score) relative to the control group [45].

The clinical efficacy of twin precision
treatment (TPT) technology was further sustained
and amplified at the six-month mark. HbAlc levels
showed a progressive improvement, declining from
a baseline of 9.0% to 5.7%. This metabolic
optimization was associated with a diabetes
remission rate of up to 83.9% among participants
[42]. Remission was defined as maintaining an
HbAlc level <6.5% for at least three months in the
absence of anti-diabetic medication, with the
exception of metformin [51]. Alongside glycemic
improvements, significant reductions were
observed in body weight, BMI, waist circumference,
and both systolic and diastolic blood pressure, with
some  participants achieving hypertension
remission [42, 47].

Clinical improvements observed in early
phases were maintained during long term follow-
up. At one year, studies reported significant mean
HbAlc reductions ranging from 1.5% to 3.03%,
with remission rates remaining between 55.5% and
75.7% [15, 46, 50, 52]. This was accompanied by a
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marked shift in pharmacotherapy; the proportion of
patients requiring no medication increased from
5.9% to 29.7%, while those utilizing three or more
agents decreased from 25.4% to 7.0% [52]. Beyond
glycemic stability, consistent improvements in lipid
profiles, inflammatory markers, and liver enzymes
were documented, including significant reductions
in liver fat percentage and fibrosis scores at the one-
year mark [15, 52]. Furthermore, a reduction in 10-
year ASCVD risk was observed, decreasing from
7.9% to 3.5% [46].

Emerging evidence suggests improvements
in markers of microvascular complications,
particularly renal parameters, with mean
albuminuria decreasing from 36.5 mg/g to 17 mg/g
and 92% of participants achieving normal levels,
indicating a potential reduction in diabetic
nephropathy risk [48]. Significant improvements in
neurological outcomes were also documented, with
enhanced sensory function observed across the
majority of participants, including improvements in
touch sensitivity (96.4%) and vibration perception
(63%), indicating potential improvement in
diabetic neuropathy [49]. Additionally, ophthalmic
assessments revealed a regression of diabetic
retinopathy signs in 43.75% of initially diagnosed
patients, while 55.25% remained free of
retinopathy, suggesting the potential of DT-
supported interventions in preventing or delaying
diabetic retinal complications [50].

The clinical benefits of TPT appeared to be
sustained over time. At 18 months, DT-based
interventions demonstrated sustained
improvements in glycemic control, with mean
HbAlc reductions of approximately 2-2.5%,
accompanied by reductions in body weight and
overall metabolic improvements [43]. Longer-term
follow-up data suggest that a substantial proportion
of participants (approximately 60-70%) achieved
and maintained remission at 12-18 months, with
some studies reporting sustained remission up to 3
years [43, 53, 54]. Attwo years, the intervention led
to a significant shift toward a lower ASCVD risk
profile, with the proportion of low-risk participants
increasing from 49.3% to 68.9% and high-risk
individuals decreasing from 8.1% to 0.9%. The
mean ASCVD risk score decreased from 7.9% to
4.3%, indicating a substantial reduction in
estimated cardiovascular risk [53].

The characteristics of studies evaluating
digital twin-supported PN interventions in type 2
diabetes mellitus are summarized in Table 1.
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Table 1. Characteristics of studies evaluating digital twin-supported personalized nutrition interventions in

type 2 diabetes mellitus

Study Design n Follow-up HbA1c Change Remission
Rate
Shamanna et al. [16] Retrospective 64 3 months 11.9% (8.8 —»6.9) —
Joshi et al. [42] RCT 199 6 months 13.3% (9.0-5.7) 83.9%
Joshietal. [15] RCT 319 12 months 129% (9.0~ 6.1) 72.7%
Shah et al. [52] Prospective 256 12 months 11.51% (7.73- 6.22) 55.5%
Shamanna et al. [43] RCT 218 18 months  125% (8.9 - 6.4%) 64.3%
Joshi et al. [53] RCT 293 24 months — 67.0%

RCT: Randomized Controlled Trial
6. Challenges And Limitations

Although DT-supported PN approaches in the
management of T2DM offer significant potential,
they face various challenges and limitations that
hinder their widespread adoption. One of the
primary barriers is the integration of
heterogeneous datasets obtained from multiple
sources, such as CGM, wearable sensors, genetic
data, and lifestyle information. Consolidating these
diverse data streams into a single coherent system
and updating them over time poses both technical
complexities and compatibility issues [14].

Furthermore, the risk of algorithmic bias in
the development of Al models is an important
concern. Inadequate or imbalanced training data
(e.g., underrepresentation of specific demographic
groups) may lead to inaccurate or suboptimal
results in minority populations, thereby deepening
the digital divide [55].

Other significant limitations include data
privacy and ethical concerns. Since DT systems
collect large amounts of sensitive personal health
data, ensuring the security and privacy of this
information is essential to prevent cybersecurity
threats [56, 57]. In addition, ethical issues, such as
data ownership and patients' control over their own
data, must also be carefully addressed [58]. Finally,
the high cost of DT technologies and feasibility
issues represent an obstacle to widespread
adoption [58]. Investments in technology, sensor
costs, and the lack of sustainable implementation
frameworks make the large-scale application of
these innovative approaches difficult [14, 58].
Another limitation of the current literature is that
the available evidence is still limited and largely
derived from a small number of research groups,
which may restrict the generalizability of the
reported findings. Overcoming these challenges is
of critical importance to realizing the full potential
of DT-supported PN in T2DM management.

An important limitation of the current review
is the limited heterogeneity of the available
literature evaluating DT-supported PN
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interventions in T2DM. Although these studies have
reported promising clinical outcomes, including
improvements in glycemic control and metabolic
parameters, the concentration of evidence within a
limited number of research teams raises concerns
regarding publication bias, selective outcome
reporting, reproducibility, and external validity.

Furthermore, based on the currently
available evidence identified in this review, studies
reporting neutral, inconsistent, or negative findings
appear to be scarce. Therefore, the overall
effectiveness of DT-supported interventions should
be interpreted with caution. The limited
methodological diversity and lack of large-scale,
multicenter validation studies also restrict the
generalizability of the current findings across
broader populations and healthcare settings.
Therefore, the available evidence should be
interpreted with caution until confirmed by
independent, standardized, and long-term studies
involving diverse patient populations and different
clinical environments.

7. Conclusion

DT technology represents a next-generation
tool in PN for the management of diabetes, with the
potential to improve glycemic control, reduce
diabetes-related complications, and lower long-
term  healthcare costs. DT-supported PN
approaches may be particularly beneficial in clinical
practice for patients with newly diagnosed or
poorly controlled T2DM, individuals with high
glycemic variability, patients requiring intensive
glycemic monitoring, those at high cardiometabolic
risk, and individuals with difficulty achieving
sustained lifestyle modification through
conventional interventions.

In clinical implementation, the integration of
DT frameworks with CGM, Al, and digital lifestyle
tracking platforms may enable real-time, adaptive,
and highly individualized nutritional interventions,
thereby supporting personalized-based diabetes
care.
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However, despite  these promising
applications, the widespread adoption of DT
technology remains limited by several critical
barriers, including data heterogeneity, algorithmic
bias, lack of standardized clinical protocols, high
implementation costs, and ongoing concerns
related to data privacy and cybersecurity.

Future research should focus on large-scale,
multicenter randomized controlled trials with
diverse populations and longer follow-up periods to
validate the clinical effectiveness of DT-supported
PN approaches. Additionally, studies should
investigate whether integrating multi-omics data
improves personalization and whether these
approaches provide superior long-term outcomes
compared with standard diabetes care.

Importantly, = comprehensive  economic
evaluations and cost-effectiveness analyses are
essential to determine whether DT-based
interventions can sustainably reduce healthcare
expenditure by decreasing complication rates,
hospitalizations, and medication burden. Such
evidence will be crucial for informing healthcare
policy, reimbursement strategies, and the large-
scale integration of DT technologies into routine
clinical diabetes management.
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