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Abstract
The trail making test part B (TMT-B) evaluates "executive" functions, memory, and sensorimotor
functions. No previous studies were found to examine the longitudinal effect of apolipoprotein E epsilon
4 (APOE-ε4) genotypes on the TMT-B scores in Alzheimer’s disease (AD), and/or mild cognitive
impairment (MCI) participants. This study used data from the Alzheimer's Disease Neuroimaging
Initiative (ADNI): 482 participants with AD, 503 with cognitive normal (CN), 1,293 with MCI at baseline and
follow-up of four years. The multivariable linear mixed model was used to determine the longitudinal
changes in the TMT-B scores. The individuals with 1 or 2 APOE-ε4 alleles revealed signi�cantly higher
TMT-B scores (poor cognitive function) compared with individuals without APOE-ε4 allele at baseline and
four follow-up visits (all p values < 0.0001). Compared with Whites, non-Hispanic African American and
Hispanic populations had higher TMT-B scores (p = 0.0007 and 0.0044, respectively). Furthermore,
strati�ed by diagnosis, the African American CN group had the highest TMT-B scores (p < 0.0001) and the
Hispanic AD group had higher TMT-B scores (p = 0.0123) compared with Whites, while both African
American and Hispanic MCI groups had higher TMT-B scores compared with Whites (p = 0.162 and
0.0274, respectively). In addition, strati�ed by racial groups, the subjects with APOE-ε4-homozgous and
APOE-ε4-heterozgous showed higher TMT-B scores compared with subjects who carry zero APOE-ε4
allele just in Whites (p = 0.0023 and 0.0003, respectively); whereas there was no difference among APOE-
ε4 genotypes in AA and Hispanics. In conclusion, the APOE-ε4 allele was associated with increased TMT-
B scores but such associations varied by racial groups.

Introduction
Alzheimer's disease (AD), the most common cause of major neurocognitive disorder (dementia), is a
chronic neurodegenerative disease with progressive memory problems that are centered around their
episodic memory (Lane et al. 2018). AD is recognized for its cognitive decline in two or more areas in the
brain, affecting personality, memory, language and behavior (Weller and Budson 2018). Mild Cognitive
Impairment (MCI) is the middle stage between normal aging and dementia (Sanford 2017). As the
disease progresses and cognitive problems increase, the patients become more debilitated and die within
the span of 8.5 years after the disease �rst presented itself (Lane et al. 2018). It is estimated that
5.8 million Americans will have Alzheimer's disease in 2020 and it is projected to grow exponentially,
exceeding 13 million by 2050 (Hebert et al. 2013). The high prevalence is found among older adults from
ages of 65 and above (Masters et al. 2015). Recent studies have demonstrated the prevalence of AD in
various ethnic populations in the United States. For example, inequalities in dementia incidence between
six racial and ethnic groups were identi�ed, with the highest for African Americans and American Indians,
intermediate for Latinos, Paci�c Islanders, and whites, and the lowest among Asian-Americans (Mayeda
et al. 2016). A meta-study showed that AD rates were higher in African Americans than in Caucasian
Whites (Steenland et al. 2016).

AD is a multifactorial disease that has a multitude of risk factors that range from environmental to
genetic. Non-genetic risk factors associated with AD include age, cardiovascular and lifestyle habits,
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diabetes, hypertension, obesity, diet, smoking, and physical activity (Crous-Bou et al. 2017). Genetic
factors associated with the development of AD include mutations in the Apolipoprotein E (APOE) gene,
amyloid precursor protein (APP) gene, presenilin 1 (PSEN1) gene, and presenilin 2 (PSEN2) gene; while
PSEN1 and PSEN2 have been found to cause familial AD, which leads to the development of AD at an
earlier age (2016 Alzheimer's disease facts and �gures - − 2016 - Alzheimer's & Dementia - Wiley Online
Library ; Watanabe and Shen 2017).

The most well-known documented gene associated with late AD is APOE. There are three types of APOE
alleles: ε2, ε3, and ε4, which can make different combinations: ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3, ε3/ε4, and
ε4/ε4. The most common APOE allele among all ethnic groups is ε3 (Abondio et al. 2019). In the USA,
about 61% of the population carry ε3/ε3, 23% of the population have ε3/ε4, and 11% have ε2/ε3 (2016
Alzheimer's disease facts and �gures - − 2016 - Alzheimer's & Dementia - Wiley Online Library). APOE-ε3
helps in maintaining the structural integrity of cholesterol-rich lipoproteins, enhances their solubilization
in blood plasma and regulates lipid homeostasis. However, the APOE genotype that accounts for most
AD risk factors, and AD pathology is APOE-ε4. About 26% of Americans carry APOE-ε4, including ε2/ε4,
ε3/ε4, and ε4/ε4 (Breitve et al. 2016). With one copy of APOE-ε4 (ε2/ε4 and ε3/ε4) and two copies of
APOE-ε4 (ε4/ε4), risk of developing the disease rises 4-fold and 12-fold, respectively (Spinney 2014). The
APOE-ε4 allele is more dominant in African American (AA) and Hispanic populations than in White
populations (Abondio et al. 2019), which is consistent with the notion that AA and Hispanic populations
have a higher prevalence of AD (Mayeda et al. 2016). APOE-ε4 is a special allele that has been
demonstrated to link with neurologic abnormalities, vascular diseases, and aging. There is an
acceleration in brain aging when the APOE-ε4 is present. It has been demonstrated that there can be a
decline in cognitive thinking if people carry this allele (Müller-Gerards et al. 2019). APOE-ε4 has a greater
risk of increasing amyloid beta plaques that build up in the brain and causes the death of neurons that
are present in advanced stages of AD (Flowers and Rebeck 2020).

The Trail Making Test (TMT) is a cognitive function test that has been commonly used in both clinical
and research settings to assess the progression of AD (Hagenaars et al. 2018). The TMT test is
administered in two parts. Part A (TMT-A) consists of a patient connecting alternating numbers that
reside in circles (Salthouse 2012). Part B (TMT-B) involves the patient connecting alternating numbers
and letters within circles (Llinàs-Reglà et al. 2017). Different studies using the TMT have been able to use
genetic analysis to �nd genes associated with cognitive abilities in diseases such as attention de�cit
hyperactivity disorder (Zhang et al. 2019). However, no previous studies were found to examine the
longitudinal effect of apolipoprotein E epsilon 4 (APOE-ε4) genotypes on the TMT-B scores in Alzheimer’s
disease (AD), and/or mild cognitive impairment (MCI) participants. In this study, we examined the
longitudinal effect of APOE-ε4 genotype on the TMT-B scores in AD and mild cognitive impairment (MCI)
participants with different ethnicities to detect racial differences in the effect.

Materials And Methods
Study subjects
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Data used in this article’s preparation was obtained from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database (adni.loni.usc.edu). The ADNI was launched in 2003 as a public-private partnership, led
by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial
magnetic resonance imaging (MRI), positron emission tomography (PET), other biological markers, and
clinical and neuropsychological assessment can be combined to measure the progression of MCI and
early AD. The ADNI is an ongoing, longitudinal, multicenter study designed to develop clinical, imaging,
genetic, and biochemical biomarkers for the early detection and tracking of AD. There was an Institutional
Review Board exemption for the current study due to secondary data analysis.

The baseline data included 482 individuals with AD, 1,293 with MCI, and 503 with cognitive normal.
Social-demographic factors included gender, age, race, and educational level. Gender was self-reported as
either male or female. Age was classi�ed into three groups: ≤ 65 years, 66-75 years, and 76+ years. Race
consisted of three subgroups: non-Hispanic White, non-Hispanic African American, and Hispanic. Years of
education was classi�ed into ≤ 12 years, 13-16 years, and 17+ years.

Trail Making Test (TMT)-B

The TMT-B provides cognitive �exibility and measures psychomotor processing speed, visual scanning,
and attentional set-shifting. An array of numbers and letters were presented to the subjects and they were
asked to draw connecting lines while alternating between numbers and letters in sequential order. The
results for TMT-B were reported as the number of seconds required to complete the task. The higher
scores reveal greater impairment (Reitan and Wolfson 1985; Reitan and Wolfson 1995). The TMT-B were
measured longitudinally at 0 (designated as baseline), 12, 24, 36, and 48 months, respectively.

APOE-ε4 genotyping

APOE genotyping was performed on DNA samples obtained from the blood samples from studied
subjects using an APOE genotyping kit, as described in http://www.adni-
info.org/Scientists/Pdfs/adniproceduresmanual12.pdf (also see http://www.adni-info.org for detailed
information on blood sample collection, DNA preparation, and genotyping methods). APOE-ε4 carriers
were de�ned as individuals with at least one ε4 allele (ε4/ ε4 designated as APOE-ε4-2, ε4/ ε3 or ε4/ ε2
as APOE-ε4-1), while non-carriers were de�ned as individuals with no ε4 allele (APOE-ε4-0) (Table 1).

Statistical Methods

The categorical variables were presented in their raw values along with the proportions for categorical
variables, and continuous variables were presented in the form of mean ± SD. The skewness and kurtosis
of TMT-B score were 1.06 and -0.18, respectively (Figure 1). For the analysis of baseline data, the Chi-
square test was used to examine the associations of categorical variables with racial groups, while one-
way ANOVA was performed to determine the differences in continuous variables among racial groups.
The linear mixed models (LLMs) were conducted to examine the longitudinal changes in TMT-B as a
continuous trait. The APOE-ε4 was entered as �xed effect and time point (baseline and up to 4 years of
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follow-up) as random effect, adjusted for age, gender, education, and baseline AD diagnosis. Furthermore,
the multivariable LMM analyses were conducted strati�ed by diagnosis and racial groups. All analyses
were performed with SAS version 9.4 (Cary, NC. U.S.A.).

Results
Descriptive statistics by racial groups

Baseline features of the studied subjects are summarized in Table 1. There are gender differences among
three ethnic groups. More male subjects were observed in the White population, but more females were
noted in AA and Hispanic. In terms of age of the participants, there were more White seniors (75+) as
compared to other 2 ethnic groups, i.e. AA and Hispanic (p=0.0007). There were differences in years of
education (p=0.0431) among racial groups. There was no difference in diagnosis and APOE-ε4 genotype
among the three ethnic groups. TMT-B scores were signi�cantly higher in AA and Hispanic participants
than in White participants (p=0.0088).

APOE-ε4with TMT-B by year

The TMT-B evaluations were performed at �ve time points which include baseline, 12 months, 24 months,
36 months, and 48 months. Detailed data regarding TMT-B scores by �ve time points and APOE-ε4 alleles
are presented in Table 2. The subjects with two APOE-ε4 alleles showed signi�cantly higher TMT-B
scores, than subjects with 0 or 1 copies of APOE-ε4 allele, in all time points (all p values <0.0001).
Furthermore, Table 2 reveals that the TMT-B scores increased as the APOE-ε4 allele increased from
baseline to the 48 months of visits.

Longitudinal analysis of APOE-ε4with TMT-B

The longitudinal changes in TMT-B were examined in the multivariable LMM adjust for baseline
characteristics (Table 3). The individuals with 1 or 2 APOE-ε4 alleles revealed signi�cantly higher TMT-B
scores (β=10.70, p=0.0002; β=15.81, p=0.001, respectively) compared with individuals without the APOE-
ε4 allele. Being elder (75+), non-Hispanic African Americans and Hispanic participants were associated
with increased TMT-B scores (β=27.03, p<0.0001; β=20.10, p=0.0007, and β= 20.61, p=0.0044,
respectively). Individuals with AD and MCI were associated with increased TMT-B scores (both p values
<0.0001) compared with cognitive normal (CN). There was no difference in TMT-B scores between males
and females. Furthermore, there was a signi�cant time effect: compared with baseline, all follow-up time
points showed signi�cantly higher TMT-B scores (all p values <0.0001).

LMM analysis of APOE4 with TMT-B by diagnosis

Multivariable LMM analyses of APOE4-ε4 with TMT-B by diagnosis are presented in Table 4. The APOE-
ε4 allele was associated with TMT-B scores in MCI and CN groups. In the MCI group, the subjects with
APOE-ε4-2 and APOE-ε4-1 showed higher TMT-B scores (β= 20.79, p=0.0006; β= 14.83, p<0.0001,
respectively) compared with subjects who carry zero APOE-ε4 alleles; while in CN group, the subjects with
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APOE-ε4-2 showed higher TMT-B scores (β= 27.19, p=0.0051) compared with subjects who carry zero
APOE-ε4 alleles. Compared with White, Hispanics but not AA had higher TMT-B scores in AD group, yet
AA but not Hispanics had higher TMT-B scores in CN group, while both AA and Hispanics had the higher
TMT-B scores in MCI group. Furthermore, being elder (75+) in CN and MCI groups (β= 35.26, p<0.0001; β=
36.86, p<0.0001, respectively) was associated with increased TMT-B scores compared with the younger
group (≤65 years old). Higher education was associated with decreased TMT-B scores in CN and MCI
groups. Additionally, there was a signi�cant time-response effect in AD and MCI groups: all follow-up time
points showed signi�cantly higher TMT-B scores (all p values <0.0001).

Racial differences in multivariable LMM analysis of APOE4 with TMT-B

The multivariable LMM analysis of APOE-ε4 strati�ed by racial groups can be found in Table 5. In Whites,
the subjects with APOE-ε4-2 and APOE-ε4-1 showed higher TMT-B scores (β= 15.08, p=0.0023; β= 10.71,
p=0.0003, respectively) compared with subjects who carry zero APOE-ε4 allele; whereas, in AA and
Hispanics, there was no difference among APOE-ε4 genotypes. Compared with CN, AD was associated
with higher TMT-B scores in all racial groups, while MCI was associated with higher TMT-B scores just in
Whites and AA. Females were associated with lower TMT-B scores in AA and Hispanics, while elder (75+)
was associated with higher TMT-B scores in Whites and AA. Higher education was associated with lower
TMT-B scores in all racial groups. Additionally, there was a signi�cant time effect in Whites (all p values
<0.0001), while time effect was found only at 36 months in AA (p=0.0179) and at 48 months in Hispanics
(p=0.0011).

Discussion
TMT-B provides cognitive �exibility measures, such as psychomotor processing speed, visual scanning,
and attentional set shifting. Higher TMT-B scores indicate poor cognitive function. TMT-B tests had been
used for capturing subclinical dysfunction responsible for gait abnormality in patients with AD and
associations between physical performance and executive function in older adults with mild cognitive
impairment (McGough et al. 2011). In the current study, using a multivariable linear mixed model analysis
we found that higher TMT-B scores (poor visual attention/executive functioning) were associated with
lower levels of education, inheriting APOE ε4 allele(s), old age, and ethnical minority among most
diagnostic groups. TMT-B scores were higher in AA than in Hispanics and Whites. In term of the different
populations with AD, Hispanics had higher TMT-B scores compared with Whites and AA, while in MCI
groups, both AA and Hispanics had higher TMT-B scores compared with Whites. Our results are
consistent with the report that the White subjects (N = 63) had better TMT-B/A scores as compared with
the African American subjects (N = 135) (Gupta et al. 2016). However, no difference was found in
cognition between Hispanics and Whites (Díaz-Venegas et al. 2016). The discrepancies between the
studies may be due to differences in cognitive measurements (e.g., sampling, sub-populations, and
statistical analysis). The present study further added that non-Hispanic AA and Hispanic participants
were associated with increased TMT-B scores in the multivariable LMM. Speci�cally, our results showed
that the AA and Hispanics in the MCI group had the higher TMT-B scores, while the Hispanics in the AD
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group had higher TMT-B scores compared with Whites; while in CN group, AA had higher TMT-B scores
compared with Whites.

APOE- 4 is the most signi�cant genetic risk factor for AD. Human and animal studies have indicated that
APOE-ε4 signi�cantly affects several biological pathways in the brain, and the individuals carrying one or
more APOE-ε4 alleles are prone or predisposed to AD development. Indeed, individuals with two copies of
APOE-ε4 alleles (homozygous subjects) are at even greater risk, and the odds ratio for developing AD is
�ve times greater compared to individuals with one APOE-ε4 allele (as heterozygous subjects) (Farrer et
al. 1997). In addition to the coding region of APOE, non-coding variability in this locus also has
independent contribution to the AD development (Zhou et al. 2019). Interestingly, the present study
showed that the subjects with one or two APOE-ε4 alleles had signi�cantly higher TMT-B scores
compared with subjects without APOE-ε4 allele. More interestingly, this study found that the APOE-ε4
genotype was associated with TMT-B in Whites, however, no difference was observed between APOE-ε4
allele and TMT-B score among the AA and Hispanic populations. Findings of APOE-ε4 allele status
associated with TMT-B scores could have a major impact on the understanding, treatment, and
prevention of neurodegenerative disorders, such as AD and MCI. Furthermore, we found that the APOE-ε4
allele was associated with TMT-B scores in MCI and CN groups but had no association in the AD group.
Those subjects in the AD group may be at an early stage of AD, or they may carry the APOE ε2 allele (as a
protective allele). Further studies are needed to explore the association of APOE-ε4 with TMT-B scores
under different neurodegenerative diseases.

Our results revealed that as age increased (from baseline to 4 years follow-up), the TMT-B scores
increased; while being elder (75+) was associated with increased TMT-B scores in the whole sample,
especially in CN and MCI groups, which supports previous �ndings (Roe et al. 2018). In addition, elder
(75+) was associated with increased TMT-B scores in Whites and AA but not in Hispanics. Identi�cation
of conditions by the TMT-B test at an early age, such as 50, 60, or 65 years of age has implications for
clinical management and preservation of dementia related disorders. Initial management may begin with
health counseling and lifestyle modi�cations such as continuing education (e.g., go to Retirement
Learning Center), since higher educated subjects have improved TMT-B scores. Better TMT-B scores
increased with greater educational attainment for all ethnic groups and most diagnostic groups, except
patients with AD. Our results are consistent with recent reports that better TMT-B scores are observed in
those higher levels of education (Gupta et al. 2016; Lipnicki et al. 2019). Thus, the multidisciplinary
intervention to prevent or slow the progress of cognitive decline and AD is warranted.

The TMT-B measurements (cognitive �exibility) are used not only for neuro-degenerative disorders (e.g.,
AD), but also have been reported to assess improvements of other treatments for many diseases and
clinical phenotypes, such as acute lymphoblastic leukemia, who have the longest follow-up of survivors
(median of 30 years) (Mulrooney et al. 2019), and the cognitive pro�le in migraine patients (Baschi et al.
2019). A previous study found that the interictal epileptiform discharges (IEDs) in non-rapid eye
movement (NREM) were associated with visuospatial and memory impairment and IED led to poorer
performance in TMT-B among patients with adult epilepsy; while IEDs were associated with only TMT-B
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but not associated with any other cognitive tests (Liu et al. 2016). Our current study, together with the
other previous studies, highlights that TMT-B is a highly sensitive, reliable, and effective tool for
measurement of cognitive function. The current �ndings are consistent with one previous study where the
authors demonstrated that the TMT-B is highly sensitive in revealing differences in reaction time among
not only AD, MCI, and CN groups, but also among the patients with a very mild form of AD (Lin et al.
2016); therefore, TMT-B can reveal obvious impairment of executive functioning. One recent study found
that the TMT-B test independently contributed to the prediction of the Clinical Dementia Rating; while
individuals who were resilient to an underlying AD pathology tended to be younger and have better
performance on the TMT-A and B tests (Roe et al. 2018).

The study has major strengths. First, the linear mixed model addressed time series effects and was
adjusted for all covariates. To date, this is the �rst study to use this statistical method for TMT-B, APOE-
ε4, and socio-demographic variables from ADNI data. Second, the �ndings in such a moderate sample
size using the national database generally supports the trajectory of TMT-B and may help to provide
speci�c time points as to when TMT-B scores change to early detection of cognitive decline. So far, there
is no cure for patients with AD, thus, early diagnosis of AD, such as MCI or any types of cognitive
impairment, is key for early clinical intervention using sensitive tools or measurements, such as the TMT-
B tests.

We acknowledge some limitations. First, small sample size for non-White populations (African American
and Hispanic), particularly once we further divided into sub-groups (e.g., APOE-ε4 allele status or
diagnostic groups), the sample size becomes even smaller, limiting the generalizability of the �ndings.
Therefore, using TMT-B with a large sample size of African American and Hispanic samples for subgroup
analysis may be worthwhile for future research. Second, we did not include other modi�able risk factors
(such as dietary, lifestyles, and exercise), which has been demonstrated to contribute to cognitive
function, in our current study (Lehert et al. 2015).

This study has several clinical implications. It is better to use similar analyzing strategies to examine if
the TMT-B scores based on the APOE-ε2 allele dose, may have an opposite trend for different diagnostic
groups, levels of education, and ages as compared to APOE-ε4 allele status. As a most recent study
demonstrated that the APOE-ε2 allele is associated with an exceptionally low likelihood of AD/dementia
(Reiman et al. 2020). In the future, the possibility of combining genetic markers (e.g., APOE alleles) with
the TMT-B scores, might offer early diagnosis of AD, therefore leading to early interventional treatment.
Since the �ndings of these combined results complement existing hypothesized models, in which
molecular biomarker changes occur prior to structural or cognitive markers in the AD’s pathological
process (Jack et al. 2013). A breakthrough study showed a total of nine patients (who carried APOE-ε4
allele) had signi�cant cognitive function improvement after completion of metabolic enhancement for
neurodegeneration (MEND) treatment for 5-24 months (Bredesen et al. 2016). Thus, it is promising that
with the advance of the science of molecular genetic study and clinical intervention, we might be able to
conquer the battle of AD.
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In conclusion, APOE- 4 allele is associated with TMT-B scores and there are racial differences in TMT-B
scores, however, the associations of APOE- 4 with TMT-B scores differed by racial groups. Our �ndings
suggest that TMT-B is a sensitive, reliable, and one of the best predictors for cognitive �exibility
measures. The results of our current study show that it is more desirable to use the TMT-B package to
assess the level of cognitive impairment for CN, MCI, and AD subjects as well as it being used as a
screening tool for detecting AD at an early stage and improve treatment for other cognitive related
diseases/phenotypes. Together with previous �ndings, our results with a moderate sample size again
suggest that TMT-B is one of the best indicators of executive function. Further research, particularly on a
larger sample size in African American and Hispanic samples seems especially warranted.
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Table 1 Descriptive statistics at baseline.
Variable White AA Hispanic χ2/F P-values
Gender          
  Male 1091 41 36 20.4988 <0.0001

  Female 898 72 52    
APOE-ε4          
  0 1029 49 40 0.5979 0.9633
     1 701 32 26    
     2 183 8 5    
Age (year)          
  ≤ 65 231 21 18 19.4095 0.0007
  65-75 905 58 46    
  76+ 853 34 24    
Education (year)          
    ≤ 12 289 24 17 9.8448 0.0431
  13-16 851 53 42    
  17+ 849 36 29    
Diagnosis          
  CN 449 32 22 2.6999 0.1057
  AD 350 18 14    
 MCI 1181 60 52    
TMT-B          
  Mean ±SD 113.74±72.18 129.84±79.36 135.33±86.63 4.74 0.0088

Abbreviations: AA: non-Hispanic African American; CN: Cognitive normal; MCI: Mild Cognitive Impairment; AD: Alzheimer
Disease; TMT-B: Trail Making Test Part B; SD: Standard deviation. p value is based on Chi-square test or F test in ANOVA.

 
Table 2 One-Way ANOVA of TMT-B scores by APOE-ε4 genotype. 

Visit  
N

APOE-ε4-0
Mean ± SD

APOE-ε4-1
Mean ± SD

APOE-ε4-2
Mean ± SD

F-values   P values

Baseline 2190 103.85±66.04 126.10±77.54 138.41±82.87 31.71      <0.0001
12 months 1768 109.19±71.98 137.38±86.27 147.09±92.71 28.33      <0.0001

24 months 1370 102.43±69.39 131.65±87.27 145.50±93.15 26.86      <0.0001
36 months 827 103.94±66.77 127.40±92.78 146.74±92.81 12.73     <0.0001
48 months 695 95.75±59.18 133.56±74.48 150.50±91.98 15.03     <0.0001

Abbreviations: TMT-B: Trail Making Test Part B; SD: standard deviation. p value is based on F test in one-way ANOVA.
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Figure 1

Histogram of transformed Trail Making Test (TMT) Part B. TRABSCOR refers to TMT-B.


