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Background: Total cerebral small vessel disease (CSVD) burden score is an important predictor of vascular cognitive impairment
(VCI). However, few predictive models of VCI in type 2 diabetes mellitus (T2DM) patients have included the total CSVD burden
score, especially in the early stage of VCI.

Objective: To develop and validate a nomogram that includes the total CSVD burden score to predict mild VCI in patients with
T2DM.

Methods: A total of 322 eligible participants with T2DM who were divided into mild and normal cognitive groups were enrolled in
this retrospective study. Demographic data, laboratory data and imaging markers of CSVD were collected. The total CSVD burden
score was calculated by combining the different CSVD markers. Step-backward multivariable logistic regression analysis with the
Akaike information criterion was applied to select significant predictors and develop a best-fit predictive nomogram. The performance
of the nomogram was assessed in terms of discriminative ability, calibrated ability, and clinical usefulness.

Results: The nomogram model consisted of five variables: age, education, hemoglobin Alc level, serum homocysteine level, and total
CSVD burden score. A nomogram with these variables showed good discriminative ability (area under the receiver operating
characteristic curve was 0.801 in internal verification). In addition, the Hosmer-Lemeshow test (y* =9.226, P=0.417) and bootstrap-
corrected calibration plot indicated that the nomogram had good calibration. The Brier score of the predictive model was 0.178.
Decision curve analysis demonstrated that when the threshold probability ranged between 16% and 98%, the use of the nomogram to
predict mild VCI in patients with T2DM provide a greater net benefit.

Conclusions: The nomogram, composed of age, education, stroke, HbAlc level, Hey level, and total CSVD burden score, had good
predictive accuracy and may provide clinicians with a practical tool for predicting the risk of mild VCI in T2DM patients.
Keywords: vascular cognitive impairment, mild cognitive impairment, cerebral small vessel disease, type 2 diabetes mellitus,

nomogram

Introduction

Vascular cognitive impairment (VCI) has emerged as a leading public health challenge due to an increase in population
aging and vascular risk factors.! VCI is the second most common cause of dementia after Alzheimer’s disease (AD) and
accounts for at least 20-40% of dementia."* VCI refers to cognitive impairment due to vascular risk factors or diseases,
including mild VCI and vascular dementia (VaD).'=*** Mild VCI is generally recognized as an early and reversible stage
of VaD.'"?
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Accumulating evidence indicates that T2DM is associated with an increased risk of VCI.® Individuals with T2DM
exhibit a heightened risk of developing dementia, ranging from 1.5 to 2.8 times more likely than those without
T2DM.'*'" In the T2DM population, approximately 20% of individuals older than 60 years may have dementia.®
What’s more, T2DM increases the risk of incident mild cognitive impairment (MCI) and accelerates the conversion from
MCI to dementia.®'*!3 In addition, VCI, especially VaD, may lead to poor self-management of T2DM, which in turn
leads to more cerebrovascular events and poorer cognitive function.® Therefore, the early diagnosis of mild VCI in
patients with T2DM plays a crucial role in halting or delaying the progression of VCI.

Although the underlying neuropathological mechanisms of T2DM-related cognitive impairment is complicated,
multifactorial and incompletely understood, evidence from preclinical and clinical studies support that cerebral micro-
vascular dysfunction may play an important role.'*"'® Cerebral microvascular dysfunction can be reflected noninvasively
by assessing the magnetic resonance imaging (MRI) features of cerebral small vessel disease (CSVD).">™'7 Visible
imaging markers of CSVD mainly include white matter hyperintensity, lacune, enlarged perivascular space and cerebral
microbleed.'®!® Previous studies mostly focus on the association between a specific imaging marker of CSVD and
cognitive impairment in the T2DM population.’* > However, CSVD is a dynamic whole-brain disorder and different
imaging markers of CSVD can co-exist or be transformed into each other.>**> The total CSVD burden score, including
above four main imaging markers, has good construct validity and may better represent the severity of CSVD or cerebral
microvascular dysfunction.'®-*®

Therefore, the total CSVD burden score should be an important predictor of VCI in T2DM patients. However, few
predictive nomogram models of VCI in patients with T2DM have included the total CSVD burden score, which reflects
underlying cerebral microvascular dysfunction, especially in the early stage of VCI. Therefore, this study aimed to
develop an accurate and individualized predictive nomogram, including the total CSVD burden score for mild VCI in
patients with T2DM, by comprehensively evaluating the contributions of demographic data, laboratory data, and imaging
markers of CSVD.

Materials and Methods
Study Design and Participants

This retrospective observational prediction model development and validation study included participants from the
Department of Neurology of Hebei General Hospital between October 2016 and January 2022. Participants were
included in this study if they met the following inclusion criteria: (a) aged > 50 years; (b) diagnosed with T2DM
based on the criteria of the World Health Organization;*” (c) completed whole MRI sequences to assess the total CSVD
burden score; and (d) completed assessment of cognitive function. Participants were excluded if they had dementia or
conditions that may affect the results of the cognitive function assessment, such as acute cerebrovascular events, epilepsy,
anxiety, depression, brain injuries, schizophrenia, hypothyroidism, malignancy, or metabolic encephalopathy. This study
followed the principles of the Declaration of Helsinki and was approved by the Ethics Committee of Hebei General
Hospital (N0.2023176).

Assessment of Mild Vascular Cognitive Impairment

All participants underwent neuropsychological testing, including the standardized translated version of the Montreal
Cognitive Assessment (MoCA) Beijing version (www.mocatest.org), basic and instrumental activities of daily living
(ADL), Hamilton Anxiety Scale (HAMA) with 14 items, and Hamilton Depression Scale (HAMD) with 24 items.
Objective evidence of cognitive impairment was based on the results of neuropsychological testing as follows: MoCA

(<13 for illiterate, <19 for 1-6 years of education, <24 for 7 or more years of education), HAMA <6, and HAMD <8.%®
3,29

The diagnosis of mild VCI was based on the previously established criteria,””” including (a) objective evidence of
cognitive impairment, (b) clinical features consistent with a vascular etiology, (c) evidence of cerebrovascular disease
that was considered sufficient to account for cognitive impairment, and (d) no dementia (basic ADL was normal and

instrumental ADL<10).
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Predictors Collection

The following candidate predictors for further analysis were collected: demographic data, including age, gender, years of
education, height, and weight; clinical data, including systolic blood pressure, diastolic blood pressure, current smoking
or drinking, duration of T2DM, anti-diabetic drugs, history of stroke, hypertension, and coronary heart disease; and
laboratory data, including fasting plasma glucose, hemoglobin Alc (HbAlc), lipid profile, uric acid, fibrinogen, serum
homocysteine (Hcy), and imaging markers of CSVD. Body mass index (BMI) was calculated as the weight (kg) divided
by the square of height (m?). The total CSVD burden score (range, 0—4) was calculated using four different imaging

markers of CSVD, which were described in detail in our previous researches.*"!

Statistical Analysis

Statistical analyses were performed using the R statistical software (version 4.2.3; R Foundation for Statistical
Computing, Vienna, Austria). The variables were described as mean (standard deviation), median (interquartile range),
and case (percentage), as appropriate. The Mann—Whitney U-test, f-test, or chi-square test was used to analyze the
differences in characteristics between the normal cognitive group and the mild VCI group. P <0.05 was considered to be
statistically significant. To develop the nomogram of mild VCI in patients with T2DM, multivariable logistic regression
analysis with Akaike information criterion was applied to select the significant predictors using a backward selection
method that included variables with a P <0.1 in the univariable analysis. Additionally, a dynamic nomogram was built
using the “DynNom” package, which is conveniently available to clinicians. Validation of the predictive model was
carried out based on the following aspects: 1) discriminative ability was assessed by calculating the area under the
receiver operating characteristic curve (AUC); 2) calibrated ability was performed using the calibration plot and Hosmer-
Lemeshow test; 3) overall performance was evaluated using the Brier score, which captures aspects of both calibration
and discrimination; and 4) clinical usefulness was evaluated by decision curve analysis (DCA). To reduce overfitting

bias, the bootstrapping method (resampling=2000) was used for internal validation.

Results

Participants Characteristics

A total of 322 eligible participants with T2DM were included in this study: 189 with mild VCI and 133 with normal
cognitive function. The prevalence of mild VCI in T2DM patients was 58.7%. The characteristics of the study population
between the two groups are presented in Table 1. Compared to the normal cognitive group, patients in the mild VCI

Table | Characteristics of the Study Participants with T2DM Between Normal Cognitive Group and Mild VCI Group

Variable Total (n=322) | Normal Cognitive Group (n=133) | Mild VCI Group (n=189) | P value
Age, year 68 (62-74) 66 (60-72) 71 (64-75) <0.001*
Gender, n(%) 0.965
Male 169 (52.5) 70 (52.6) 99 (52.4)
Female 153 (47.5) 63 (47.4) 90 (47.6)
Education, year 9 (9-12) 12 (9-15) 9 (6-12) 0.001*
BMI, kg/m? 25.1 (23.2-27.4) 25.0 (23.4-27.2) 25.2 (23.0-27.9) 0.655
Smoking, n(%) 52 (l6.1) 20 (15.0) 32 (16.9) 0.649
Alcohol use, n(%) 37 (11.5) 12 (9.0) 25 (13.2) 0.244
Hypertension, n(%) 232 (72.0) 93 (69.9) 139 (73.5) 0.476
SBP, mmHg 139 (130-153) 138 (129-153) 139 (130-157) 0.347
DBP, mmHg 8l (75-88) 80 (74-87) 83 (75-90) 0.175
Duration of T2DM, year 10 (5-16) 10 (4-16) 10 (5-16) 0.720
CHD, n(%) 82 (25.5) 30 (22.6) 52 (27.5) 0.315
Stroke, n(%) 121 (37.6) 42 (31.6) 79 (41.8) 0.062
(Continued)
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Table | (Continued).

Variable Total (n=322) | Normal Cognitive Group (n=133) | Mild VCI Group (n=189) | P value
Anti-diabetic drugs, n(%)

Metformin 156 (48.4) 61 (45.9) 95 (50.3) 0.437
Insulin 78 (24.2) 34 (25.6) 44 (23.3) 0.638
Sulfonylureas 75 (23.3) 28 (21.1) 47 (24.9) 0.425
FPG, mmol/L 6.87 (5.73-8.73) 6.82 (5.86-8.25) 6.94 (5.65-9.07) 0.872
HbAlc, % 7.20 (6.50-8.10) 7.00 (6.45-7.90) 7.30 (6.60-8.40) 0.005*
TG, mmol/L 1.66 (0.98-2.03) 1.34 (1.03-2.13) 1.38 (0.96-2.00) 0.737
TC, mmol/L 4.35 (3.63-5.23) 4.33 (3.60-5.39) 4.37 (3.64-5.12) 0.560
HDL-C, mmol/L 1.06 (0.92-1.27) 1.05 (0.93-1.26) 1.06 (0.92-1.28) 0913
LDL-C, mmol/L 2.78 (2.21-3.46) 2.79 (2.21-3.65) 2.76 (2.22-3.40) 0.625
VLDL-C, mmol/L 0.44 (0.29-0.63) 0.48 (0.31-0.64) 0.42 (0.27-0.63) 0.150
ApoAl, g/L 1.22 (1.08-1.36) 1.23 (1.09-1.35) 1.21 (1.08-1.36) 0.760
ApoB, g/L 0.76 (0.61-0.93) 0.81 (0.62-0.98) 0.74 (0.61-0.89) 0.071
UA, umol/L 291 (239-345) 296 (256-360) 287 (234-336) 0.186
FIB, g/L 2.78 (2.38-3.17) 2.74 (2.40-3.15) 2.82 (2.38-3.22) 0.408
Hcy, umol/L 13.3 (10.7-16.7) 12.5 (9.85-15.3) 142 (11.4-17.4) 0.001*
CSVD burden score, n(%) <0.001*
0 49 (15.2) 38 (28.6) 11 (5.8)

| 66 (20.5) 39 (29.3) 27 (14.3)

2 74 (23.0) 33 (24.8) 41 (21.7)

3 77 (23.9) 15 (11.3) 62 (32.8)

4 56 (17.4) 8 (6.0) 48 (25.4)

Note: *Denotes significance at a P value of <0.05.

Abbreviations: T2DM, type 2 diabetes mellitus; VCI, vascular cognitive impairment; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic
blood pressure; CHD, coronary heart disease; FPG, fasting plasma glucose; HbA I c, hemoglobin Alc; TG, triglyceride; TC, total cholesterol; HDL-C, high
density lipoprotein cholesterol; LDL-C, low density lipoprotein cholesterol; VLDL-C, very low density lipoprotein cholesterol; ApoAl, apolipoprotein Al;
ApoB, apolipoprotein B; UA, uric acid; FIB, fibrinogen; Hcy, homocysteine; CSVD, cerebral small vessel disease.

group were older and less educated (P <0.05). The mild VCI group had higher HbAlc, serum Hcy levels, and total
CSVD burden scores than the normal cognitive group (P <0.05).

Development of the Predictive Model
The results of the univariate and multivariate logistic regression analyses for risk factors associated with mild VCI in
patients with T2DM are shown in Table 2. According to the results of univariate analysis, age, education, stroke, HbAlc,

Table 2 Binary Logistic Regression Analysis of the Associated Factors for the Risk of Mild VCI
in Participants with T2DM

Variable Unadjusted P value Adjusted P value
OR (95% CI) OR (95% CI)

Age 1.064 (1.016~1.052) <0.001 1.039 (1.004~1.075) 0.028

Education 0.925 (0.874~0.979) 0.007 0.930 (0.872~0.991) 0.026

Stroke 1.556 (0.976~2.480) 0.063 - -

HbAIc 1.283 (1.073~1.535) 0.006 1.310 (1.065~1.612) 0.011

Hey 1.077 (1.026~1.130) 0.003 1.053 (1.000~1.110) 0.052

CSVD burden score

0 (reference)

| 2.392 (1.041~5.492) 0.040 2.628 (1.083~6.373) 0.033

2 4.292 (1.904~9.674) <0.001 3.903 (1.642~9.279) 0.002

3 14.279 (5.943~34.307) <0.001 11.371 (4.514~28.641) <0.001

4 20.727 (7.585~56.639) <0.001 17.653 (6.067~51.360) <0.001

Abbreviations: T2DM, type 2 diabetes mellitus; VCI, vascular cognitive impairment; HbAlc, hemoglobin Alc; Hcy,
homocysteine; CSVD, cerebral small vessel disease.
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Hcy, and total CSVD burden score were potential predictors of mild VCI in patients with T2DM (P <0.1). In
multivariable logistic regression analysis, age (odds ratio [OR]: 1.039, 95% confidence interval [CI]: 1.004—-1.075,
P<0.001), education (OR: 0.930, 95% CI: 0.872-0.991, P=0.026), HbAlc (OR: 1.310, 95% CI: 1.065-1.612, P=0.011),
Hcy (OR: 1.053, 95% CI: 1.000-1.110, P=0.052), and total CSVD burden score (0 score: reference; 1 score: OR: 2.628,
95% CI: 1.083-6.373, P=0.033; 2 score: OR: 3.903, 95% CI: 1.642-9.279, P=0.002; 3 score: OR: 11.371, 95% CI:
4.514-28.641, P<0.001; 4 score: OR: 17.653, 95% CI: 6.067-51.360, P<0.001) were detected by Akaike information
criterion as predictors of mild VCI in patients with T2DM.

Based on these five significant predictors, a nomogram for mild VCI in T2DM patients was developed (Figure 1).
Additionally, to facilitate clinical applications, a dynamic nomogram was developed and is available online (https:/tengzhen
jie.shinyapps.io/DynNomapp3/). For example, in a T2DM patient with an age of 68 years, education of 9 years, HbAlc level of
7%, Hcy level of 15 umol/L, and CSVD burden score of 2, the probability of mild VCI was estimated to be 56.0% (Figure 2).

Validation of the Predictive Model
The results of the 2000 bootstrap samples estimated the AUC to be 0.801 (95% CI: 0.752—0.849), which indicated good
discrimination of the nomogram (Figure 3).

The bootstrap-corrected (bootstrapping with 2000 repetitions) calibration plot for the probability of mild VCI in
patients with T2DM demonstrated an optimal agreement between the prediction by the nomogram and the actual
observation (Figure 4). In addition, the Hosmer-Lemeshow test suggested that the predictive model was goodness-of-
fit (4* =9.226, P=0.417), and the Brier score of the predictive model was 0.178. In summary, these results indicate that
the model has a good predictive accuracy.

As shown in Figure 5, DCA indicated that when the threshold probability ranged between 16% and 98%, the use of
the nomogram to predict mild VCI in patients with T2DM provided a greater net benefit, which suggested the clinical
usefulness of the nomogram.

Discussion

In the present study, we developed and internally validated a nomogram based on age, education, HbAlc level, Hcy
level, and total CSVD burden score to predict the probability of mild VCI in T2DM patients. A dynamic nomogram was
developed to facilitate clinical application. The predictive nomogram showed good discriminatory ability, calibration,

and clinical usefulness, which could facilitate the detection of mild VCI by clinicians in T2DM patients.
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Figure | Nomogram for the prediction of the probability of mild VCI risk in participants with T2DM. The nomogram was developed by incorporating the following five
parameters: age, education, HbAlc, Hcy, and total CSVD burden scores.
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Figure 2 Dynamic nomogram for predicting the probability of mild VCI risk in participants with T2DM. An online dynamic nomogram accessible at https://tengzhenjie.
shinyapps.io/DynNomapp3/, depicting an example for predicting the probability of having a mild VCI risk in participants with T2DM for a 68 years old patient with 9 years,
HbAlc of 7%, Hey of I5 pmol/L, and the CSVD burden score of 2.
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Figure 3 Receiver operating characteristic curve of the nomogram for predicting mild VCI in participants with T2DM using bootstrap resampling (2000 times).

MCI is common in T2DM patients. A meta-analysis showed that the pooled estimated prevalence of MCI in T2DM
patients was 45.0%.%> However, the prevalence of mild VCI in patients with T2DM is unknown. Our study utilized the
MoCA to assess cognitive function and found that the prevalence of mild VCI was higher (58.7%) than that of MCI in
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Figure 4 Calibration plot of the nomogram for predicting mild VCI in participants with T2ZDM. The dotted line represents the performance of the nomogram, whereas the
solid line indicates nomogram bias. The dashed line represents the reference line in which the ideal nomogram lies. The prediction accuracy of the nomogram was better
when the solid line was closer to the dotted one.
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Figure 5 DCA curves of the nomogram for predicting mild VCl in participants with T2DM. The y-axis represents the net benefit. The gray line represents the assumption
that all the patients had mild VCI. The black line represents the assumption that none of the patients had cognitive impairments. The dotted line represents the risk
nomogram.

T2DM patients.*>** One reason for this change might be that the MoCA was more sensitive to the diagnosis of MCI than
the mini-mental state examination (MMSE).**

Age is one of the important risk predictors for VCI,' and prevalence of T2DM or T2DM-related cognitive impairment
increases with age.>> The increased risk of mild VCI with older age has also been found in our study. In addition, this study
observed that patients with low education levels were at a higher risk of mild VCI, which is consistent with previous
studies.*** This can be explained by the fact that a high education level was associated with a higher cognitive reserve.

The association between HbAlc level and T2DM-related cognitive impairment remains controversial. A prospective
population-based study found the linear correlation between HbAlc levels and global cognitive decline over a longterm

10 year follow-up period.*” In contrast, another prospective study found a J-shaped rather than linear association between
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HbA lc levels and incident dementia.'? However, a randomised open-label study indicated that using intensive therapy to
reduce the HbAlc levels did not improve cognitive function.>® We found that the level of HbAlc was an important
predictor and was related to the increased risk of mild VCI in patients with T2DM. A possible explanation is that a higher
HbA lc level is associated with more aggravated T2DM-related microvascular complications.?” Tian et al*® reported that
increased serum Hcy levels were associated with T2DM-related MCI, especially executive dysfunction. However,
another study found no association between serum Hcy levels and T2DM-related MCI after further adjustment for
potential confounders,*® which is consistent with the findings of our previous study.*' To the best of our knowledge, few
studies have explored the relationship between serum Hcy levels and mild VCI in T2DM patients. In this study, we found
that the level of serum Hcy was an important predictor of mild VCI in patients with T2DM, which suggests that increased
serum Hcy levels were more strongly correlated with MCI due to vascular risk factors.

One of the key underlying mechanisms of T2DM-related VCI may be cerebral microvascular dysfunction,'*'* which
is common in T2DM patients.** Detrimental changes in cerebral microcirculation in T2DM include thickening of the
basement membrane, increased angiogenesis, increased permeability of the blood-brain barrier, and altered regulation of
microvascular blood flow.'> These changes can further lead to a range of reactions, such as hypoperfusion, hypoxia,
oxidative stress, and inflammation,'” resulting in brain dysfunction and T2DM-related VCI. It is commonly recognized
that features of CSVD, as measured by MRI, might reflect cerebral microvascular dysfunction in the T2DM
population.'>** Previous studies have suggested that the severity of white matter hyperintensity or lacunes is indepen-
dently associated with cognitive impairment in T2DM patients.”’*® In addition, the enlarged perivascular space or
cerebral microbleed may be a potential biomarker of cognitive impairment in patients with T2DM.?**2

However, these studies did not further distinguish between the degree (MCI or dementia) and subtype (VCI or AD) of
cognitive impairment. Moreover, as a whole-brain disorder,”* different imaging markers of CSVD are interrelated, and it
may be one-sided to consider only one specific imaging marker of CSVD. Therefore, the total CSVD burden score,

19:26 should be considered when

which may better represent the severity of CSVD or cerebral microvascular dysfunction,
developing a predictive model for mild VCI in patients with T2DM, which is rarely performed. In our study, we found
that the total CSVD burden score was an important predictor of mild VCI in patients with T2DM and that severe CSVD
burden (total CSVD burden score >3 points) had a more significant predictive ability. These findings indicate that the
total CSVD burden score may be a potential biomarker for mild VCI in T2DM patients. Furthermore, our results may
provide evidence for the important role of cerebral microvascular dysfunction in T2DM-related VCI and provide clues
for future studies to investigate early diagnostic imaging markers of VCI in T2DM patients.

Taken together, we constructed and internally validated a nomogram to predict the probability of mild VCI in T2DM
patients. The predictive nomogram exhibited a good discriminatory ability, calibration, and clinical usefulness. Compared
with previous studies, this study has several advantages. First, to the best of our knowledge, this is the first predictive
nomogram model for mild VCI in T2DM patients. Second, total CSVD burden score, an important predictor of T2DM-
related cognitive impairment, was taken into account in our study, whereas others do not.****** Third, the online
dynamic nomogram that we constructed is more convenient and intuitive for clinical applications.

Limitations

Our study had some limitations. First, this was a single-center retrospective study with a relatively small sample size.
Second, the nomogram developed in this study was internally validated using bootstrapping without external datasets.
Third, the patients were recruited from a single center in our study, which may have some restrictions when generalizing
to other populations. Future multicenter prospective studies with larger sample sizes and external datasets are warranted
to address these issues.

Conclusion

In conclusion, the nomogram based on age, education, stroke, HbAlc, Hey, and total CSVD burden scores may predict
the risk of mild VCI in patients with T2DM. The predictive nomogram showed good discriminatory ability, calibration,
and clinical usefulness, which could facilitate the detection of mild VCI by clinicians in T2DM patients. Future
prospective studies with larger populations and external validation are warranted to enhance the stability of this model.
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