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ARTICLE INFO ABSTRACT

Keywords: Aims: To investigate the risk of major depression and dementia in patients with type 2 diabetes, including de-
AGE-IT mentia resulting from depression, and their impact on diabetes-related complications and mortality.

Diabetef Mellitus, Type 2 Methods: We conducted a population-based retrospective cohort study including 11,441 incident cases of dia-
g:ﬂfg;i;zn betes in 2015-2017, with follow-up until 2022. A multi-state survival analysis was performed on a seven-state

model with 15 transitions to capture disease progression and onset of mental disorders.

Results: Eight-year probabilities of depression, dementia, diabetes-related complications, and death were 9.7%
(95%CI 8.7-10.7), 0.9% (95% CI 0.5-1.3), 10.4% (95% CI 9.5-11.4), and 14.8% (95% CI 13.9-15.7), respec-
tively. Depression increased the risk of dementia up to 3.7% (95%CI 2.0-5.4), and up to 10.3% (95%CI
0.3-20.4) if coupled with diabetes complications. Eight-year mortality was 37.5% (95%CI 33.1-42.0) after
depression, 74.1% (95% CI 63.7-84.5) after depression plus complications, 76.4% (95% CI 68.8-83.9) after
dementia, and 98.6% (95% CI 96.1-100.0) after dementia plus complications.

Conclusions: The interconnections observed across depression, dementia, complications, and mortality under-
score the necessity for comprehensive and integrated approaches in managing diabetes. Early screening for
depression, followed by timely and targeted interventions, may mitigate the risk of dementia and improve
diabetes prognosis.

Epidemiology
Multi-State Survival Analysis

1. Introduction diabetes rather than the underlying hyperglycemia defining that diag-

nosis [7].

The growing evidence indicating an increased risk of major depres-
sion among individuals diagnosed with type 2 diabetes is reinforcing its
recognition as a significant complication of this chronic condition [1,2].
Many authors argue that psychosocial distress arising from the threat of
complications, self-management demands, unresponsive healthcare
providers, and unsupportive interpersonal relationships is the primary
factor contributing to depression onset in individuals with diabetes
[3-5]. While cerebral microvascular dysfunction originating from hy-
perglycemia, obesity, insulin resistance, and hypertension may be
associated with an increased risk of depression [6], the prevailing
opinion is that depression is tied to the clinical diagnosis of type 2

Type 2 diabetes also heightens the risk of cognitive decline and de-
mentia, including Alzheimer’s disease and vascular dementia [8,9]. As
discussed by Biessels et al. [10], manifestations of vascular disease and
alterations in glucose, insulin, and amyloid metabolism may underlie
the pathophysiology connecting diabetes and dementia. Moreover,
depression has been identified as a comorbid condition potentially
associated with increased cognitive dysfunction in people with diabetes
[11]. Importantly, the combined association of both depression and
diabetes with the risk of dementia is stronger than the additive associ-
ation of each exposure individually, suggesting a complex interaction
between these conditions when they co-occur [5]. However, the
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mechanisms that could explain this synergistic relationship remain
largely unknown [12].

Because diabetes with comorbid depression and/or dementia is
widely regarded as a risk factor for worse health outcomes than diabetes
alone [1,10,13,14], an integrated approach is warranted in managing
these conditions, particularly considering the mediating role of
depression. However, many of the findings outlined above originate
from experimental designs or cross-sectional studies. This underscores
the need for large population-based cohort studies to corroborate or
complement existing evidence with real-world data, thereby enhancing
our understanding of these diseases and informing clinical decision-
making. Currently, various innovative statistical tools can be effec-
tively employed in longitudinal observational frameworks to produce
meaningful real-world evidence. Among these techniques, multi-state
models offer several advantages over more conventional methods,
such as standard survival analysis [15,16]. The flexibility of the multi-
state approach allows for a comprehensive, “holistic” exploration of
disease pathways by modeling transitions through a succession of “in-
termediate states” that a patient may undergo (e.g., disease progression,
disease-related complications, or new clinical conditions) until reaching
a certain endpoint or “absorbing state”, typically mortality or censoring.
The estimates obtained from multi-state survival analysis convey the
probability of being in a particular state over time given an initial state.
This translates into two clinically meaningful pieces of information:
understanding the probability of incurring single or multiple adverse
health outcomes within a specified period from disease onset, and
determining whether transitioning through a state poses the patient at a
higher or lower risk of further disease progression or death. Another
advantage provided by multi-state analysis is the opportunity to
examine the impact of patient demographic and clinical characteristics
on the trajectories of the disease, which may better inform about the
actual target groups for treatment and preventive strategies.

Another noteworthy aspect is that, to date, the mental health of in-
dividuals with type 2 diabetes has primarily been examined in cross-
sectional samples or prevalent cohorts, i.e., among patients with a his-
tory of diabetes at baseline. However, we believe it is crucial to focus on
the early stages of diabetes to gain insights into a critical phase during
which patients may face a higher risk of disease progression and mental
health problems, particularly among older adults [1]. This would
contribute to answer an open question regarding the optimal screening
frequency for mental health and cognitive impairment [10].

Taking all these premises into account, the present study aims to
achieve three main objectives: (i) to investigate the risk of developing
major depression and dementia in patients with type 2 diabetes,
including dementia that may result from depression, using a multi-state
approach; (ii) to assess the risk of acute and long-term complications of
diabetes, as well as mortality associated with major depression and/or
dementia; (iii) to identify baseline characteristics associated with dis-
ease trajectories, including those that may indicate disparities in the
quality of care provided.

While the third study aim is, by its nature, exploratory, the hy-
potheses behind the first two are as follows: type 2 diabetes represents a
risk factor for both depression and dementia, and the co-occurrence of
depression increases the risk of dementia development.

2. Subjects, materials and methods
2.1. Setting and data sources

This retrospective cohort study included all residents in the Local
Healthcare Authority (LHA) of Romagna with an estimated onset of type
2 diabetes in 2015-2017. Follow-up lasted up to eight years until
December 31, 2022. Romagna’s LHA in situated in Northeastern Italy
and serves ~ 1,123,000 inhabitants as of January 1, 2023. Data sources,
each with a unique patient identifier, included (see Supplementary
Table S1 for details):
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o Hospital Discharge Records (in italian, Schede di dimissione ospeda-
liera [SDO]);

o Residential Care Discharge Records (Schede di dimissione residenziale
[SDRES]);

o Mental Health Information System (Sistema informativo salute mentale
[SISMD);

o Integrated Home Care (Assistenza domiciliare integrata [ADI]);

o Residential and Semi-Residential Healthcare for the Elderly (Assis-
tenza residenziale e semi-residengziale anziani [FAR]);

o Outpatient Pharmaceutical Database (Assistenza farmaceutica terri-
toriale [AFT] and Farmaci a erogazione diretta [FED]);

o Vital Registration System (Registro mortalita [REM]).

2.2. Inclusion and exclusion criteria

Incident cases of type 2 diabetes were identified based on meeting
either of these two inclusion criteria (sources: SDO, AFT, and FED) [1]:

o Hospital admission with a primary or secondary diagnosis of diabetes
(coded as 250 according to the International Classification of Dis-
eases, Ninth Revision, Clinical Modification [ICD-9-CM]) and a filled
prescription of glucose-lowering medication (coded as A10 accord-
ing to the Anatomical Therapeutic Chemical [ATC] Classification
System);

o Three distinct prescriptions of glucose-lowering medications.

The entry date was the hospital admission or the first filled pre-
scription, whichever occurred first. Uncertain cases of type 2 diabetes, i.
e., patients with insulin as initial and unique treatment in the first year
and women with gestational diabetes (ICD-9-CM code 648.8), were not
considered for inclusion in the study. Exclusion criteria were the
following:

o Age < 25 years (youth);

o Current or past depression within three years before the estimated
onset of diabetes;

o History of dementia within five years before the estimated onset of
diabetes;

o Current or past diabetes complications within three years before the
estimated onset of diabetes.

This left 11,465 eligible patients out the initial 15,946 (71.9%) for
analysis (Supplementary Fig. S1).

2.3. Health outcomes

Four health outcomes—depression, dementia, diabetes complica-
tions, and death—were investigated. Depression was defined as an
inpatient or outpatient visit with an ICD-9-CM diagnosis of depression or
a filled prescription of antidepressant medications (ATC code NO6A)
(sources: SDO, SDRES, SISM, AFT, and FED) [1]. In accordance with
Emilia-Romagna’s surveillance algorithm [17], dementia was defined
based on the following criteria (sources: SDO, ADI, FAR, AFT, and FED):
(i) inpatient admission or home care with an ICD-9-CM diagnosis of
dementia, including Alzheimer’s disease; (ii) residential care for in-
dividuals with dementia and significant behavioral/cognitive impair-
ment; or (iii) > 2 filled prescriptions of anti-dementia medications (ATC
codes NO6DA02, NO6DA03, NO6DA04, and NO6DXO01).

Diabetes complications encompassed acute and long-term conditions
(source: SDO) [1]. Acute complications included coma, hyper-
osmolarity, hypoglycemia, and ketoacidosis, while long-term compli-
cations included cardiovascular, cerebrovascular, neuropathic, renal,
ophthalmic, amputation, and other unspecified complications. Further
details are provided in Supplementary Table S2.

The index date for each outcome was the date of the first event
during follow-up. Post-dementia depressive events were not considered
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indicative of depression, given common antidepressant use in older in-
dividuals with dementia for sundowning and neuropsychiatric symp-
toms. Moreover, data limitations prevented determining depression
recovery or recurrence. For multiple diabetes-complication hospitali-
zations, only the initial episode was analyzed. Twenty-four patients
experiencing depression, dementia, and/or complications simulta-
neously were excluded, leading to a final cohort of 11,441 individuals.

Data on deaths were retrieved from the vital registration system
(REM).

2.4. Exposure variables (Covariates)

Baseline characteristics examined for their association with health
outcomes were:

o Sex (male or female);

o Age at diabetes onset (in years);

o Citizenship (Italian or non-Italian);

o Year at onset (2015, 2016 or 2017);

o Drugs within 30 days of onset (one oral antidiabetic only, > 2 oral
antidiabetics only, or insulin), as a proxy for timeliness of diagnosis
and glycemic control at disease onset;

o Thirty clinical conditions retrieved up to three years before onset
(sources: SDO, AFT, and FED) and summarized using the Multisource
Comorbidity Score (MCS) by summing specific weights assigned to
each condition, as detailed in Supplementary Table S3 [18];

o Health district of residence (a total of eight), to investigate potential
disparities in the quality of care provided.

In Italy, health districts are responsible for providing primary care
and managing local requests for specialist services, diagnostics, and
applications for hospital services, both in outpatient and inpatient set-
tings. Although LHAs aim to ensure the uniform delivery of high-quality
services, variations in organizational models may exist among health
districts.

2.5. Statistical analysis

Categorical variables were summarized as counts and percentages,
and numerical variables (age and MCS) were summarized using mean,
standard deviation, median, and interquartile range (IQR).

To address our research question, we performed a multi-state sur-
vival analysis. As illustrated in Fig. 1, we postulated a seven-state model
with 15 transitions to capture disease progression and potential onset of
mental disorders over time. Initially, all participants were in the “dia-
betes” state, which marked the study’s starting point. When a first event
occurred, participants transitioned to intermediate states (depression,
dementia, or complications) or to the final absorbing state of death.
Because only a limited number of exclusively acute complications (n =
31) were observed, we did not distinguish between acute and long-term
complications in our model.

We considered all possible transitions between intermediate states,
even those involving few patients. As detailed in subsection 2.3, patients
could not experience multiple episodes of depression, dementia, or
complications. Consequently, only the first occurrence was analyzed.
For instance, if depression appeared before a complication of diabetes, it
could not recur thereafter. Furthermore, post-dementia depression was
not incorporated in our multi-state framework, even when mediated by
a diabetes complication. The absence of multiple outcomes of the same
nature led us to adopt a simplified framework, disallowing reversible
transitions across states. However, to capture all depressive and de-
mentia episodes until the final event of each patient, we differentiated
between those preceding and following complications. Pre- and post-
complication depressions and dementias were combined or separated
based on whether the results to be presented encompassed the entire
cohort or only patients with a diabetes complication.
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Fig. 1. Summary Plot of States and Transitions Within Eight Years of the
Estimated Onset of Type 2 Diabetes. Notes: States are indicated by boxes, while
transitions between states are indicated by arrows. Data along the arrows
represent the number of transitions (incidence per 1000 person-years), with
arrow widths proportional to the incidence rates. Complications of diabetes
include both acute conditions (coma, hyperosmolarity, hypoglycemia, and
ketoacidosis) and long-term conditions, which encompass cardiovascular, ce-
rebrovascular, neuropathic, renal, ophthalmic, amputation, and other unspec-
ified complications. Patients could not experience multiple episodes of
depression, dementia, or complications, which means that only the first
occurrence was considered in the analysis. Consequently, for example, if a
patient experienced depression before a complication of diabetes, it could not
reoccur after that. Moreover, post-dementia depression was never allowed in
the multi-state framework, not even when mediated by diabetes complications.

Transition probabilities, a clinically relevant metric indicating the
probability of being in a specific state over time given an initial state,
were computed using the nonparametric Aalen-Johansen estimator
[19]. Probabilities were calculated for the entire cohort and stratified by
sex (males vs. females), age group (<65 vs. > 65 years), and health
district. Estimates were presented in tabular form at relevant timepoints,
accompanied by visually informative stacked area plots. The 95 %
confidence intervals (CIs) were determined using Greenwood’s standard
errors [20]. Transition probabilities conditional to states other than the
initial one (depression, dementia, and complications) were illustrated
with line charts, while 95% CIs were represented as shaded areas. This
approach facilitated the assessment of excess risks associated with in-
termediate states in disease progression.

After the nonparametric analysis, a parametric regression approach
was used to assess the independent effects of covariates on transitions,
that is, adjusting for potential confounding factors. Here, “independent”
denotes the effect of a specific exposure of interest after adjusting for
potential confounding factors, accommodating both categorical and
continuous variables. Using a separate modeling approach [21,22], we
chose the best-fitting parametric distribution family for each transition
based on the Akaike information criterion (AIC). The Markov assump-
tion was relaxed for all transitions, making probabilities and intensities
dependent only on the time spent in the current state (clock-reset
approach) [21]. Covariates included sex, age, citizenship, health district,
year, first-line therapy, and MCS.

In cases of few transition events (e.g., from depression to dementia)
(Fig. 1), we reduced the set of covariates to avoid overfitting by
excluding those with nonsignificant relationships with time-to-event in
other models. Except for accelerated failure-time models, we initially
tested the proportional hazards (PH) assumption for each covariate
using Schoenfeld residuals from Cox regression. In cases of violation,
interaction terms between log time and covariates were introduced into
parametric models, retaining only those with statistical significance.
Effect sizes from final regression models were expressed as hazard ratios
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(HRs) for PH models and as time ratios (TRs) for accelerated failure-time
models.

Lastly, we estimated the percentage of complications and deaths
attributable to depression and dementia. To quantify the impact of
removing these exposures, we used the population attributable fraction
(PAF). PAF combines the risk of experiencing a health outcome associ-
ated with a factor and the occurrence of this factor in the population.
The calculation involved comparing rates among patient-years unex-
posed to dementia and depression with those of the general cohort [23].

To address potential influences of prior cancer diagnoses on the
study results, we conducted post-hoc sensitivity analyses excluding
participants with a history of cancer [24]. Analyses were performed
using Stata 18 [25,26]. The significance level was set to 5%, and all tests
were two-tailed.

2.6. Ethics statement

The Ethics Committee of Romagna’s LHA granted approval for this
research on December 14, 2020 (Registration #9502/2020), with
reapproval for extension on September 27, 2023 (Registration #5869/
2023).

Emilia-Romagna’s health administrative data are pseudonymized at
the regional statistical office before analysis. Each individual is assigned
a unique patient identifier, eliminating the possibility to trace the pa-
tient’s identity or access other sensitive data. According to Article 9 of
the General Data Protection Regulation (European Union [EU] Regula-
tion 2016/679), pseudonymized administrative data can be used
without specific written informed consent when patient information is
collected for healthcare management, quality evaluation, and

Table 1
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improvement. All procedures adhered to the 1964 Helsinki Declaration
and its subsequent amendments.

3. Results

The study comprised 11,441 individuals with a mean age of 60.6 +
15.1 years at type 2 diabetes onset; 47.6% were female, 84.8% held
Italian citizenship, 85.4% were initially prescribed a single oral antidi-
abetic medication, and 83.4% had an MCS < 4 (Supplementary
Table S4). Supplementary Table S3 details conditions contributing to the
MCS. Patient case mix showed no notable differences across health
districts.

Over a median follow-up of 6.2 years (IQR 5.5-7.1), 1446 (12.6%)
patients had a first record of depression, 339 (3.0%) had a first record of
dementia, and 1805 (15.8%) had a diabetes-related complication (see
Supplementary Table S5 for a breakdown of acute and long-term com-
plications). A total of 1363 (11.9%) individuals died, while 7931
(69.3%) did not experience any of the investigated events during follow-
up. Fig. 1 summarizes all states and transitions after diabetes onset,
highlighting that only 577 patients (9 per 1000 person-years) died
without experiencing any intermediate states, while the transitions with
the highest incidence rates were from dementia to complications and
from complications to death.

3.1. Nonparametric Multi-State analysis

Table 1, Supplementary Fig. S2, and Fig. 2 display the transition
probabilities for our multi-state process, overall and by sex and age
group. At eight years, probabilities of depression, dementia, diabetes-

Aalen-Johansen Probabilities and 95% Confidence Intervals (%) of Being in Each State for Patients with Type 2 Diabetes up to Eight Years After Onset, Overall and by

Sex and Age Group.

Time Since Diabetes Only Depression Dementia Complication Death
Diabetes Onset
All

1 year 92.3 (91.8, 92.8) 2.6 (2.3, 2.8) 0.3 (0.2, 0.5) 2.7 (2.4, 3.0) 2.1(1.9,2.4)

2 years 87.2 (86.6, 87.8) 4.1 (3.8, 4.5) 0.6 (0.4, 0.7) 4.5 (4.1, 4.9) 3.6 (3.2,3.9)

4 years 78.8 (78.1, 79.6) 6.7 (6.2,7.1) 0.8 (0.6, 0.9) 6.9 (6.5, 7.4) 6.8 (6.4,7.3)

6 years 71.0 (70.1, 71.8) 8.4 (7.8,8.9) 1.0 (0.8,1.2) 8.6 (8.1,9.1) 11.0 (10.4, 11.6)

8 years 64.2 (62.8, 65.5) 9.7 (8.7, 10.7) 0.9 (0.5, 1.3) 10.4 (9.5, 11.4) 14.8 (13.9, 15.7)
Males

1 year 92.1 (91.4, 92.8) 1.9 (1.6, 2.3) 0.3 (0.1, 0.49) 3.3(2.9,3.8) 2.4 (2.0, 2.8)

2 years 86.8 (85.9, 87.6) 2.9 (2.5,3.3) 0.4 (0.2, 0.5) 5.8 (5.2, 6.4) 4.1 (3.6, 4.6)

4 years 77.8 (76.7, 78.8) 5.1 (4.5, 5.6) 0.5 (0.3, 0.7) 8.9 (8.2, 9.6) 7.7 (7.1, 8.4)

6 years 69.8 (68.6, 71.0) 6.2 (5.6, 6.9) 0.7 (0.4, 0.9) 10.9 (10.0, 11.7) 12.5(11.6, 13.3)

8 years 63.4 (61.7, 65.0) 7.5 (6.5, 8.5) 0.4 (0.1, 0.7) 12.7 (11.3, 14.1) 16.0 (14.9, 17.2)
Females

1 year 92.5(91.8, 93.2) 3.3(2.8,3.7) 0.5 (0.3, 0.6) 2.0 (1.6, 2.4) 1.8 (1.4,2.2)

2 years 87.6 (86.7, 88.5) 5.5 (4.9, 6.1) 0.8 (0.6, 1.0) 3.1 (2.6, 3.6) 3.0(2.5,3.4)

4 years 80.0 (78.9, 81.0) 8.4(7.7,9.2) 1.1 (0.8, 1.3) 4.8 (4.2,5.3) 5.8(5.2,6.4)

6 years 72.2(71.0, 73.4) 10.7 (9.9, 11.6) 1.5(1.1,1.8) 6.1 (5.4, 6.8) 9.5 (8.7, 10.3)

8 years 65.0 (62.7, 67.3) 12.3 (10.7,13.9) 1.4 (0.7, 2.0) 7.9(6.7,9.2) 13.4 (12.1,14.8)
Adults (25-64 y)

1 year 95.8 (95.3, 96.3) 2.0(1.7,2.4) 0.0 (0.0, 0.1) 1.3(1.1,1.6) 0.8 (0.5, 1.0)

2 years 93.0 (92.4, 93.6) 3.5(3.1, 4.0) 0.1 (0.0, 0.1) 2.1(1.8,2.5) 1.3 (1.0, 1.6)

4 years 88.1 (87.3, 88.9) 5.7 (5.1, 6.2) 0.2 (0.1, 0.2) 3.9(34,44 2.2 (1.9, 2.6)

6 years 82.9 (82.0, 83.9) 7.6 (6.9, 8.2) 0.2 (0.1, 0.4) 5.7 (5.2, 6.3) 3.5(3.1,4.0)

8 years 78.5(77.2,79.9) 9.0 (8.0, 10.0) 0.2 (0.1, 0.4) 7.7 (6.6, 8.7) 4.6 (4.0,5.2)
Older Adults (>65y)

1 year 87.7 (86.7, 88.6) 3.2(2.7,3.7) 0.7 (0.5, 1.0) 4.5 (3.9, 5.0) 3.9(3.4,4.5)

2 years 79.6 (78.5, 80.7) 5.0 (4.4, 5.6) 1.2 (0.9, 1.5) 7.7 (6.9, 8.4) 6.5 (5.8,7.2)

4 years 66.7 (65.4, 68.0) 8.0(7.2,8.7) 1.6 (1.2,1.9) 10.9 (10.1, 11.8) 12.8 (11.9, 13.8)

6 years 55.3 (53.9, 56.7) 9.4 (8.6, 10.2) 2.1 (1.7, 2.5) 12.4 (11.4,13.3) 20.9 (19.7, 22.0)

8 years 45.1 (42.5, 47.8) 10.5 (8.7, 12.2) 1.9 (0.9, 2.8) 14.2 (12.5, 16.0) 28.3 (26.5, 30.1)

Notes: Complications of diabetes include both acute conditions (coma, hyperosmolarity, hypoglycemia, and ketoacidosis) and long-term conditions, which encompass
cardiovascular, cerebrovascular, neuropathic, renal, ophthalmic, amputation, and other unspecified complications. Cases of depression occurring before and after
complication were added together to form a single state, as well as cases of pre- and post-complication dementia. Patients in the “diabetes-only” state may have
experienced clinical conditions different from depression, dementia, and diabetes complications. The slight decrease in dementia figures at eight years of follow-up is

possibly related to small sample sizes and high mortality rates.
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Females (n = 5444)

100 5
80
9
= 60
3
g 40 | Death' .
o [ Complication
o Dementia
20| | Depression
[l Diabetes Only
0
0o 1 2 3 4 5 6 7 8
Years Since Diabetes Onset
100 65 Years or Older (n = 4960)
80
9
> 60
3
g 40 ] Death. .
09_ [ Complication

Dementia
20| | Depression
[ Diabetes Only

o 1 2 3 4 5 6 7 8
Years Since Diabetes Onset

Fig. 2. Aalen-Johansen Stacked Probabilities of Being in Each State for Patients with Type 2 Diabetes up to Eight Years After Onset, by Sex and Age Group. Notes:
Complications of diabetes include both acute conditions (coma, hyperosmolarity, hypoglycemia, and ketoacidosis) and long-term conditions, which encompass
cardiovascular, cerebrovascular, neuropathic, renal, ophthalmic, amputation, and other unspecified complications. Cases of depression occurring before and after
complication were added together to form a single state, as well as cases of pre- and post-complication dementia. Patients in the “diabetes-only” state may have
experienced clinical conditions different from depression, dementia, and diabetes complications.

related complications, and death were 9.7% (95% CI 8.7-10.7), 0.9%
(95%CI 0.5-1.3), 10.4% (95%CI 9.5-11.4), and 14.8% (95%CI
13.9-15.7), respectively, with 64.2% (95%CI 62.8-65.5) expected
event-free survival. Compared to men, women had higher eight-year
depression rates (12.3% [95%CI 10.7-13.9] vs. 7.5% [95% CI
6.5-8.5]), but lower diabetes complications (7.9% [95% CI 6.7-9.2] vs.
12.7% [95% CI 11.3-14.1]) and death rates (13.4% [95% CI 12.1-14.8]
vs. 16.0% [95% CI 14.9-17.2]). Dementia rates showed no appreciable
sex difference (females: 1.4% [95% CI 0.7-2.0]; males: 0.4% [95% CI
0.1-0.7]). Individuals aged > 65 years were more likely to be in the
dementia state (1.9% [95%CI 0.9-2.8] vs. 0.2% [95% CI 0.1-0.4]),
complications state (14.2% [95%CI 12.5-16.0] vs. 7.7% [95% CI
6.6-8.71), and death state (28.3% [95% CI 26.5-30.1] vs. 4.6% [95% CI
4.0-5.2]) than those aged 25-64. Supplementary Table S6 and Fig. S3
reveal consistent probability estimates across all health districts.

Fig. 3 depicts transition probabilities conditional to diabetes and
intermediate states. As shown in the upper-left panel, a diabetes
complication appeared as a potential risk for higher depression rates but
lacked statistical significance, as the 95 %ClIs included depression
probability from state #1 (diabetes onset) for most of the follow-up.
Moving to the upper-right panel, depression and complications signifi-
cantly increased the risk of dementia development. Following depres-
sion, the probability peaked at ~ 2 years (3.7%, 95%CI 2.0-5.4),
surpassing the risk of dementia with diabetes alone after eight years

(2.5% [95%CI 1.2-3.9] vs. 0.9% [95%CI 0.5-1.3]). A diabetes
complication increased dementia risk for much of the follow-up, peaking
at ~ 2 years (2.6%, 95% CI 0.8-4.4), as did a complication followed by
depression (10.3%, 95% CI 0.3-20.4).

As shown in the lower-left panel, depression and dementia were
significant risk factors for diabetes-related complications. The overall
eight-year complication risk of 10.4% rose to 16.8% (95% CI 14.5-19.1)
when preceded by depression and 17.0% (95% CI 11.5-22.5) when
preceded by dementia. The risk of complications following dementia
peaked at 37.5% (95% CI 23.7-51.4) within just one year of follow-up,
exceeding the overall complication rate of 10.4% by more than three-
fold. The lower-right panel illustrates that the overall eight-year death
risk of 14.8% increased to 37.5% (95% CI 33.1-42.0) if preceded by
depression, 76.4% (95% CI 68.8-83.9) if preceded by dementia, 77.0%
(95% CI 70.9-83.0) if preceded by diabetes complications, and 74.1%
(95% CI 63.7-84.5) if preceded by complications plus depression. Dia-
betes complications followed by dementia virtually nullified eight-year
survival, with a morality rate of 98.6% (95% CI 96.1-100.0).

3.2. Parametric Multi-State analysis
Supplementary Table S7 lists AIC values for survival distributions

fitted to the 15 multi-state transitions, while Table 2 presents the best-
fitting survival models with independent covariate effects across
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Fig. 3. Aalen-Johansen Transition Probabilities (and 95% Confidence Intervals) to Depression, Dementia, Complications, and Death Conditional to the Initial State
(Type 2 Diabetes) and to the Intermediate States of the Multi-State Process. Notes: Complications of diabetes include both acute conditions (coma, hyperosmolarity,
hypoglycemia, and ketoacidosis) and long-term conditions, which encompass cardiovascular, cerebrovascular, neuropathic, renal, ophthalmic, amputation, and other
unspecified complications. Cases of depression occurring before and after complication were analyzed separately, as well as cases of pre- and post-complication
dementia. For clarity, all estimates were smoothed over time using a running mean with a 0.1 bandwidth and a tricube weighting function.

transitions. Increasing age strongly correlated with all transitions,
showing significant HRs and TRs, depending on the model, for one-year
age increments. Females, compared to males, had a higher risk of
transitioning from diabetes to depression but a better prognosis for
complications and death, both before and after depression. The health
district of residence, except for a potential spurious decreased risk of
post-complication depression in Riccione, was unrelated to disease tra-
jectories. Non-Italian residents had a significantly decreased risk of
depression and dementia following diabetes onset.

Therapies indicating poor glycemic control at disease onset were
associated with higher risks of transitioning to diabetes-related com-
plications and death, as were elevated MCS values indicating multiple
serious comorbid conditions at baseline. Increasing MCS was also linked
to significantly shorter transitions to depression and dementia. Lastly,
the year of disease onset showed no association with outcomes for each
transition, suggesting an absence of trends in disease epidemiology and
management over the study period.

3.3. Adverse health outcomes attributable to depression and dementia

Supplementary Table S8 shows that 10.3% (95% CI 8.5-12.1) of the
1805 diabetes-related complications within eight years of disease onset
could be attributed to post-diabetes depression and/or dementia. When
examining depression and dementia individually, PAFs were 6.1% (95%
CI 4.5-7.6) and 5.6% (95% CI 4.4-6.7), respectively. Dementia PAF was

higher in females than in males, and notably higher in older patients
compared to adults.

Supplementary Tables S9 and S10 present PAF for deaths occurring
before and after diabetes complications, respectively. Overall, 17.5%
(95% CI 14.3-20.7) of pre-complication mortality was attributable to
depression and/or dementia, a value rising to 28.9% (95% CI 23.8-33.6)
for post-complication mortality. Depression alone had similar PAFs for
pre- and post-complication mortality, while dementia PAF for pre-
complication mortality was lower than for post-complication mortality.

A sensitivity analysis excluding 496 patients with a history of cancer
did not yield substantial changes in the results (data not shown).

4. Discussion

In this cohort study, the first to use a multi-state analytic approach
for exploring disease trajectories and mental health transitions in type 2
diabetes, we estimated that 14.8% of patients would die within eight
years of disease onset, while 10.4% would develop diabetes-related
complications. The relatively low rates of complications, compared to
recent data from the literature [27], suggest effective disease control and
management within our study cohort. Moreover, the observed depres-
sion rate of 9.7% exceeds the national average of 6.4% reported by the
Italian National Institute of Health during the COVID-19 pandemic [28].
This finding supports prior research [8,10], including a large
population-based study in Italy that highlights the role of major



Table 2

Results of Parametric Survival Models Showing Independent Covariate Effects Across All Transitions of the Multi-State Process.

Diabetes — Depression

Diabetes — Dementia

Diabetes — Complication

Diabetes — Death

Depression — Dementia

Covariate #1: 1243 Uncensored Events #2: 171 Uncensored Events #3: 1519 Uncensored Events #4: 577 Uncensored Events #5: 78 Uncensored Events
HR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value TR (95 % CI) p-value

Female Sex 1.55 (1.38, 1.74) <0.001""" 1.23 (0.90, 1.68) 0.19 0.57 (0.51, 0.63) <0.001""" 0.62 (0.53, 0.74) <0.001""" 1.71 (0.80, 3.66) 0.17
Age,y 1.02 (1.02, 1.03) <0.001""" 1.14 (1.12, 1.16) <0.001""" 1.06 (1.05, 1.06) <0.001""" 1.07 (1.07, 1.08) <0.001""" 0.82 (0.78, 0.87) <0.001"""
Non-Italian Citizenship 0.82 (0.67, 0.99) 0.04* 0.21 (0.05, 0.84) 0.03* 0.89 (0.72, 1.09) 0.26 0.76 (0.51, 1.15) 0.20 (omitted) (omitted)
Health District of Residence

Ravenna Ref. Ref. Ref. Ref.

Lugo 1.10 (0.90, 1.35) 0.36 0.84 (0.44, 1.62) 0.61 0.94 (0.77, 1.15) 0.57 0.90 (0.65, 1.24) 0.51 (omitted) (omitted)

Faenza 1.09 (0.86, 1.37) 0.48 0.96 (0.48, 1.92) 0.90 1.14 (0.93, 1.41) 0.21 1.22 (0.87, 1.70) 0.25 (omitted) (omitted)

Forli 1.03 (0.85, 1.25) 0.74 1.40 (0.85, 2.30) 0.19 1.13 (0.95, 1.33) 0.17 1.04 (0.79, 1.37) 0.77 (omitted) (omitted)

Cesena - Valle del Savio 0.96 (0.77, 1.19) 0.69 1.14 (0.63, 2.08) 0.66 1.18 (0.97, 1.42) 0.10 1.15 (0.84, 1.57) 0.38 (omitted) (omitted)

Rimini 1.09 (0.91, 1.30) 0.36 1.44 (0.90, 2.31) 0.13 1.15 (0.98, 1.35) 0.10 1.08 (0.83, 1.40) 0.59 (omitted) (omitted)

Riccione 0.96 (0.77, 1.21) 0.73 1.43 (0.81, 2.52) 0.22 1.04 (0.85, 1.27) 0.71 1.09 (0.79, 1.49) 0.60 (omitted) (omitted)

Rubicone 1.15 (0.92, 1.44) 0.23 0.78 (0.34, 1.78) 0.56 1.09 (0.88, 1.37) 0.42 1.03 (0.72, 1.48) 0.88 (omitted) (omitted)
Year at Onset (2015-17) 1.03 (0.96, 1.10) 0.43 0.86 (0.72, 1.04) 0.12 0.94 (0.88, 1.00) 0.05 0.98 (0.88, 1.08) 0.67 1.47 (0.84, 2.58) 0.18
First-Line Therapy

One oral antidiabetic Ref. Ref. Ref. Ref. Ref.

Two or more antidiabetics 1.02 (0.82, 1.27) 0.86 1.47 (0.88, 2.44) 0.14 1.48 (1.25, 1.76) <0.001""" 0.95 (0.68, 1.33) 0.76 0.86 (0.20, 3.67) 0.84

Insulin 1.03 (0.82, 1.31) 0.79 1.16 (0.57, 2.38) 0.68 1.79 (1.49, 2.14) <0.001""" 1.64 (1.22, 2.21) 0.001"" 0.41 (0.08, 2.15) 0.29
MCS* 1.23 (1.17, 1.29) <0.001""" 0.80 (0.67, 0.94) 0.007"" 1.26 (1.20, 1.32) <0.001""" 1.66 (1.54, 1.78) <0.001""" 1.09 (0.78, 1.52) 0.61
Insulin x In(Time) (omitted) (omitted) (omitted) (omitted) 0.73 (0.66, 0.81) <0.001""" (omitted) (omitted) (omitted) (omitted)
MCS* x In(Time) (omitted) (omitted) 0.83 (0.76, 0.90) <0.001""" (omitted) (omitted) 0.89 (0.86, 0.93) <0.001""" (omitted) (omitted)

Depression — Complication

Depression — Death

Dementia — Complication

Dementia — Death

Complication — Depression

Covariate #6: 176 Uncensored Events #7: 113 Uncensored Events #8: 110 Uncensored Events #9: 56 Uncensored Events #10: 203 Uncensored Events
HR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value

Female Sex 0.56 (0.41, 0.76) <0.001"" 0.44 (0.30, 0.64) <0.001"" 0.45 (0.30, 0.67) <0.001"" 0.40 (0.24, 0.69) 0.001" 1.24 (0.93, 1.67) 0.15
Age, y 1.06 (1.04, 1.07) <0.001""" 1.05 (1.04, 1.07) <0.001"" 1.06 (1.03, 1.09) <0.001""" 1.05 (1.02, 1.09) 0.002" 1.03 (1.01, 1.04) <0.001"""
Non-Italian Citizenship 0.85 (0.40, 1.79) 0.67 0.72 (0.25, 2.02) 0.53 1.60 (0.33, 7.82) 0.56 (omitted) (omitted) 1.39 (0.80, 2.44) 0.24
Health District of Residence

Ravenna Ref. Ref. Ref. Ref.

Lugo 1.03 (0.56, 1.90) 0.92 0.76 (0.41, 1.43) 0.39 0.58 (0.25, 1.35) 0.20 (omitted) (omitted) 1.11 (0.66, 1.85) 0.70

Faenza 1.88 (1.05, 3.39) 0.04* 0.73 (0.34, 1.60) 0.43 1.72 (0.77, 3.82) 0.19 (omitted) (omitted) 1.04 (0.62, 1.75) 0.89

Forli 1.62 (0.96, 2.75) 0.07 0.59 (0.30, 1.15) 0.12 1.39 (0.71, 2.69) 0.33 (omitted) (omitted) 1.12(0.72, 1.73) 0.62

Cesena - Valle del Savio 1.59 (0.86, 2.94) 0.14 0.72 (0.33, 1.58) 0.41 0.79 (0.36, 1.72) 0.55 (omitted) (omitted) 0.85 (0.49, 1.46) 0.56

Rimini 1.51 (0.91, 2.52) 0.11 1.14 (0.67, 1.94) 0.64 0.79 (0.41, 1.54) 0.49 (omitted) (omitted) 0.85 (0.54, 1.32) 0.46

Riccione 1.87 (1.03, 3.38) 0.04* 0.48 (0.18, 1.23) 0.13 0.86 (0.38, 1.97) 0.73 (omitted) (omitted) 0.40 (0.19, 0.82) 0.01*

Rubicone 1.20 (0.63, 2.31) 0.58 0.72 (0.34, 1.54) 0.40 1.36 (0.45, 4.11) 0.59 (omitted) (omitted) 0.95 (0.52, 1.74) 0.88
Year at Onset (2015-17) 1.01 (0.84,1.22) 0.90 0.80 (0.63, 1.01) 0.06 0.79 (0.61, 1.00) 0.05 0.88 (0.64, 1.22) 0.45 1.09 (0.93, 1.29) 0.29
First-Line Therapy

One oral antidiabetic Ref. Ref. Ref. Ref.

Two or more antidiabetics 1.09 (0.62, 1.90) 0.77 0.63 (0.27, 1.46) 0.28 0.80 (0.39, 1.62) 0.53 (omitted) (omitted) 0.96 (0.59, 1.55) 0.86

Insulin 1.82 (1.02, 3.26) 0.04* 1.64 (0.81, 3.30) 0.17 0.58 (0.18, 1.91) 0.37 (omitted) (omitted) 0.85 (0.51, 1.44) 0.55
MCS! 1.24 (1.09, 1.42) 0.002"" 1.26 (1.06, 1.49) 0.009"" 1.04 (0.89, 1.22) 0.61 1.18 (0.95, 1.45) 0.14 1.04 (0.91, 1.18) 0.57
Sex x In(Time) (omitted) (omitted) (omitted) (omitted) (omitted) (omitted) (omitted) (omitted) 0.59 (0.40, 0.85) 0.005"
MCS' x In(Time) (omitted) (omitted) (omitted) (omitted) 1.14 (1.04, 1.26) 0.008"" (omitted) (omitted) (omitted) (omitted)

Complication —» Dementia

Complication — Death

Depression — Dementia

Depression — Death

Dementia — Death

Covariate #11: 70 Uncensored Events #12: 502 Uncensored Events #13: 20 Uncensored Events #14: 57 Uncensored Events #15: 58 Uncensored Events
TR' (95 % CI) p-value HR (95 % CI) p-value TR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value

Female Sex 0.53 (0.25, 1.12) 0.10 1.04 (0.86, 1.24) 0.71 4.65 (0.76, 28.6) 0.10 0.51 (0.29, 0.88) 0.02* 0.48 (0.27, 0.84) 0.01*

Age, y 0.89 (0.85, 0.93) <0.001""" 1.07 (1.06, 1.08) <0.001""" 0.86 (0.77, 0.96) 0.007"" 1.05 (1.02, 1.09) <0.001""" 1.06 (1.02, 1.09) 0.002""

(continued on next page)
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Table 2 (continued)

Complication —» Dementia Complication — Death Depression — Dementia Depression — Death Dementia — Death
Covariate #11: 70 Uncensored Events #12: 502 Uncensored Events #13: 20 Uncensored Events #14: 57 Uncensored Events #15: 58 Uncensored Events
TR' (95 % CI) p-value HR (95 % CI) p-value TR (95 % CI) p-value HR (95 % CI) p-value HR (95 % CI) p-value

Non-Italian Citizenship (omitted) (omitted) 0.53 (0.28, 1.01) 0.05 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)
Health District of Residence

Ravenna Ref.

Lugo (omitted) (omitted) 1.21 (0.86, 1.70) 0.27 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Faenza (omitted) (omitted) 1.05 (0.73, 1.52) 0.77 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Forli (omitted) (omitted) 1.26 (0.94, 1.69) 0.13 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Cesena - Valle del Savio (omitted) (omitted) 1.35(0.97, 1.88) 0.08 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Rimini (omitted) (omitted) 1.06 (0.79, 1.42) 0.71 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Riccione (omitted) (omitted) 1.10 (0.76, 1.58) 0.61 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Rubicone (omitted) (omitted) 1.14 (0.77, 1.70) 0.52 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)
Year at Onset (2015-17) 0.86 (0.51, 1.43) 0.55 0.90 (0.81, 1.00) 0.06 (omitted) (omitted) 1.07 (0.79, 1.46) 0.65 0.85 (0.60, 1.20) 0.36
First-Line Therapy

One oral antidiabetic Ref.

Two or more antidiabetics (omitted) (omitted) 0.91 (0.67, 1.25) 0.56 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Insulin (omitted) (omitted) 0.93 (0.64, 1.33) 0.68 (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)
MCS! 1.25 (0.90, 1.74) 0.18 1.04 (0.96, 1.13) 0.36 (omitted) (omitted) 1.18 (0.95, 1.47) 0.12 1.03 (0.82, 1.29) 0.82
Age x In(Time) (omitted) (omitted) 1.01 (1.00, 1.01) 0.005" (omitted) (omitted) (omitted) (omitted) (omitted) (omitted)

Notes: Depression and dementia from transition #10 onwards occur after acute or long-term complications of diabetes, and involve patients with no prior history of depression or dementia before the onset of complications
(incident events). Using a separate modeling approach, we applied the best fitting parametric model to each transition based on the Akaike information criterion (see Supplementary Table S7 for details). When the number
of uncensored events was small, we reduced the set of covariates to avoid overfitting and spurious associations. In this process, we sacrificed covariates with no significant relationships with time-to-event in other models,
marking them as “omitted”. With the exception of lognormal models, we initially tested the proportional-hazard assumption using Schoenfeld residuals from Cox regression. In case of violation, interaction terms between
log time and covariates were introduced into the parametric models, retaining only those exhibiting statistical significance.

*p-value < 0.05; **p-value < 0.01; ***p-value < 0.001.

{Time ratio (TR) is the effect size resulting from accelerated failure-time models such as the lognormal used to parametrize most transitions to dementia (#5, #11 and #13). If TR > 1, the effect of the covariate acts to
increase the patient’s survival; if TR < 1, the patient’s survival is reduced.

{Transformed using the inverse hyperbolic sine to mitigate severe right-skewness while preserving zero values. The analysis of martingale residuals, however, did not suggest the need for transforming numeric variables
(MCS and age).

Abbreviations: HR, hazard ratio; CI, confidence interval; TR, time ratio; MCS, Multisource Comorbidity Score.
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depression as a complication of type 2 diabetes [1].

Notably, dementia accounted for 0.9% of transition probabilities at
the end of the follow-up period. This low figure originates from a case-
definition algorithm that captures only cases with medium-to-severe
cognitive impairment [17]. However, we observed that dementia was
associated with elevated mortality rates at eight years, particularly
when co-occurring with depression and/or complications (>50%),
leading to substantial attributable fractions in the population.

In line with previous research [1,5,6,9,27,29], we found a differen-
tial effect of sex and age on various health outcomes, with women
showing a higher susceptibility to depression but a lower likelihood of
experiencing diabetes complications and mortality compared to men.
Individuals aged > 65 years exhibited elevated probabilities of experi-
encing depression, dementia, complications, and mortality when
compared with the younger members of the cohort. We also observed
that non-Italian residents had lower rates of depression and dementia
following diabetes onset, possibly due to lower healthcare access
compared to Italian citizens [30]. On the contrary, no significant dif-
ferences were found across health districts, suggesting a substantially
uniform healthcare provision to residents with type 2 diabetes in the
LHA of Romagna.

When referring to the third objective of our study, the absence of
positive deviants (i.e., health districts consistently showing high per-
formance in survival rates) discourages the need for mixed-methods
investigations to extrapolate specific local characteristics that might
have an impact on the health outcomes of the patient population [31].
However, further multi-state analysis may focus on contextual variables
retrieved at a smaller territorial level, such as general practice organi-
zational models and proximity to green areas—variables that may still
play a prognostic role in shaping the disease trajectories of individuals
with type 2 diabetes.

Our multi-state analysis provides valuable insights into the pathways
that link type 2 diabetes, mental health outcomes, and complications,
emphasizing the role of depression and dementia in molding the clinical
course of the disease. Consistent with findings from other studies [1,32],
individuals with depression were more likely to experience diabetes
complications at eight years (16.8%) than those with diabetes alone
(10.4%). This underscores the need for integrated physical and mental
healthcare to foster medication adherence and glucose control, aiming to
prevent the negative impact of major depression on self-care and self-
efficacy [13,14]. While the use of information and communication tech-
nologies has been shown to be effective in reducing depression symptoms,
their impact on glycemic control remains unclear and deserves further
investigation [33]. The analysis also identifies depression as a significant
risk factor for subsequent dementia development, especially two years
after diabetes onset (3.7%), suggesting shared pathophysiological mech-
anisms, such as inflammation and neurodegeneration, that are involved in
both conditions [5,6,12,34].

A bidirectional relationship was found between post-diabetes de-
mentia and diabetes-related complications, with dementia leading to a
complication risk of 37.5% after only one year of diabetes onset, and
complications being in turn associated with increased incidence of de-
mentia for most of the follow-up, peaking at 2.6% after two years.
Another result highlighting the interconnection and potentially multi-
plicative effect between mental conditions and diabetes is that compli-
cations coupled with depression were associated with an impressive
dementia rate of 10.3% within two years of diabetes onset.

Encouraging findings from the literature recognize metformin, a
first-line oral therapy in a significant proportion of patients [35], as a
neuroprotective agent effective in slowing down cognitive decline in
patients with type 2 diabetes [36,37]. Glucagon-like peptide-1 (GLP-1)
receptor agonists have also shown impressive clinical potential for the
treatment of dementia, Alzheimer’s disease, and Parkinson’s disease
[38,39]. Although further research is needed, these treatment options
have the potential to address cognitive decline in patients with type 2
diabetes, especially those dealing with major depression and aging.
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Our study further emphasizes the significant impact of depression,
dementia, and diabetes complications on mortality in individuals with
type 2 diabetes. The overall eight-year mortality rate of 14.8% signifi-
cantly increased when these mental health conditions were present
(37.5% for depression and 76.4% for dementia), especially when de-
mentia occurred in conjunction with diabetes complications (98.6%).
We also found that complications, whether alone or in conjunction with
depression, were associated with a mortality rate of ~ 75%. These re-
sults reinforce the cruciality of integrating early prevention and treat-
ment strategies for optimal diabetes control, reduced diabetes distress,
and preserved cognitive function [34,40]. Collaborative care models
involving both primary and specialist care professionals could enhance
the management of these complex comorbidities through the introduc-
tion of early psychosocial screening activities, mental health in-
terventions, and targeted treatments within diabetes care pathways
[1,41,42].

Notably, the latest “Standards of Care in Diabetes” published in 2023
by the American Diabetes Association (ADA) recommend, with strong
support from high-grade research evidence, the screening of all patients
with type 2 diabetes for depression and anxiety using validated tools
during the initial visit and at regular annual check-ups. When indicated,
the guidelines further advise collaborative referrals to qualified behav-
ioral or mental health professionals for comprehensive evaluation and
targeted treatment [43,44]. Moreover, the ADA proposes a similar
screening approach to assess cognitive performance in individuals aged
65 or older [43,45]. In case of altered, declining or absent ability to
perform diabetes self-care behaviors, a lay care professional should be
involved to serve the capacities of day-to-day monitoring, and alterna-
tive teaching approaches to diabetes education should be considered
[44]. The guidelines also emphasize the importance of simplifying dia-
betes treatment plans in the presence of cognitive impairment to mini-
mize the risk of hypoglycemia [43].

To reduce the significant share of complications and mortality
attributable to post-diabetes depression and dementia, it is imperative to
integrate the ADA’s standards of care into clinical practice and promote
their widespread adoption across diabetes care pathways.

4.1. Study Limitations

This study has several limitations. First, our analyses used strict in-
clusion criteria, potentially limiting the generalizability of results to a
broader population of individuals with type 2 diabetes. However, our
study was designed to focus on the early stages of diabetes within the
first years of disease onset. These initial years are critical, as they are
expected to be associated with a higher risk of disease progression and
mental health problems. Effectively managing the disease during this
period requires active involvement of both patients and healthcare
professionals.

Second, health administrative data did not allow us to track the
actual dates of diagnosis for diabetes, dementia, and depression. Instead,
we estimated disease onset using secondary information based on
healthcare consumption, such as hospitalizations and drug dispensa-
tions. This limitation hindered our ability to disentangle the etiopa-
thogenesis of mental conditions and diabetes complications. For
instance, we could not distinguish isolated depression events from
depression-like prodromal manifestations of dementia, or determine the
extent to which cases of dementia observed during follow-up were
already present, albeit latently, at the study’s onset. Another limitation
inherent to administrative data is the inability to identify patients
recovering from depression or from sequelae of diabetes complications.

Third, we did not have access to electronic medical records from
general practice and diabetes clinics, nor to the roster of residents with
medical exemption certificates for diabetes and dementia to claim free
prescriptions. This information would have greatly improved the accu-
racy of our case-definition algorithms. Furthermore, the criteria we
adopted, in line with our previous work on depression and Emilia-
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Romagna’s dementia surveillance [1,17], might suffer from suboptimal
specificity for depression and suboptimal sensitivity for dementia.

Fourth, we developed a relatively simplified multi-state model that
did not account for reverse transitions, cause-specific mortality, and,
most importantly, physical disability, cancer, and other chronic condi-
tions that play a key role in the loss of independence and increased
impairment in daily life. We chose this simplification based on the un-
derstanding that adding states and transitions would complicate data
analysis and interpretation, partly due to sparse data that arise when
considering a larger number of states. Nevertheless, parametric regres-
sion analysis was adjusted for baseline comorbidities, and results ob-
tained after restricting the cohort to patients with no history of cancer
fully confirmed our primary study findings. Another simplification of
the model is that all states were considered mutually exclusive, although
complications of diabetes can coexist with depression or dementia.

Fifth, we lacked access to relevant information on social de-
terminants (e.g., poor education, un- and underemployment, social
exclusion, etc.) and behavioral risk factors (e.g., alcohol and tobacco
use, diet, physical activity, etc.) that negatively influence both physical
and mental health outcomes. These variables, along with clinical data
not available in administrative databases (e.g., body mass index), would
have strengthened risk adjustment when comparing sexes, age groups
and health districts, and would have provided further insights into in-
dividual characteristics affecting the disease trajectory and prognosis of
type 2 diabetes.

Lastly, we did not distinguish long-term complications into micro-
and macro-vascular events. Similarly, we were unable to provide
distinct transition probabilities for acute complications, in particular
hypoglycemia, due to very low numbers that suggest the virtual
impossibility of tracking such events from hospitalizations.

4.2. Conclusions

The study’s focus on the early stages of type 2 diabetes and its multi-
state approach contribute to the growing body of real-world evidence on
the interwoven relationships between type 2 diabetes, mental health
outcomes, and complications. The bidirectional associations observed
among depression, dementia, and diabetes complications, along with
their substantial impact on mortality, underscore the necessity for a
comprehensive and integrated approach in managing patients with type
2 diabetes. Early screening for depression, followed by timely and tar-
geted interventions, may not only enhance patients’ mental well-being
but also mitigate the risk of dementia and reduce the incidence of
diabetes-related complications.

This study also introduces semi-Markov multi-state analysis as a
versatile tool with the potential to contribute valuable insights to dia-
betes research [46]. This is achieved by estimating transition probabil-
ities conditional on baseline characteristics and intermediate states that
shape the trajectories of the disease. Further applications of multi-state
modeling are warranted, particularly in investigating secondary and
tertiary prevention strategies for type 2 diabetes. This may include
exploring the modifying effects of specific antidiabetic medications on
the association between early glycemic exposure and long-term out-
comes, a phenomenon commonly referred to as “metabolic memory”
[47], as well as testing the effectiveness of regular screening activities
and medication persistence.
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