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Purpose: The Timed Up and Go (TUG) is a 20-foot gait assessment, with TUG-dual task (DT) serial subtractions to determine dual- 
task cost. Alzheimer’s disease (AD) risk is established using plasma biomarkers and APOE genotyping.
Methods: We investigated: 1) TUG/TUG-DT differences between AD low-risk cognitively unimpaired (CU) older adults (N = 74), AD 
high-risk CU older adults (N = 87), and mild cognitively impaired (MCI) older adults (N = 33) and 2) the relationship between TUG/TUG- 
DT performance and plasma biomarkers. One hundred and ninety-four older adults ages 55–80 completed TUG/TUG-DT, a fasting blood 
draw, and APOE genotyping. Scores on the Clinical Dementia Rating Scale (CU = 0; CI = ≥0.5) and Montreal Cognitive Assessment (CU ≥ 
24; CI = ≤23) determined whether participants were placed into the CU low-risk, CU high-risk, or MCI groups. Risk level for CU 
participants were assessed by APOE genotyping. Those participants who carried at least one copy of the APOE ε4 allele were designated to 
the high-risk group (n = 87). Participants with no APOE ε4 allele were assigned to the low-risk group (n = 75).
Results: MCI participants took longer to perform the TUG than CU participants (p < 0.001). CU high-risk and MCI group performed 
similarly on step counts, while the CU low-risk took significantly fewer steps (p<0.001). Speed predicted whether someone was below 
an AD-risk threshold for pTau217 in CU participants (n = 150). Exploratory generalized additive models showed plasma biomarkers 
predicted gait metrics in CU groups.
Conclusion: Step count may be more sensitive, compared to speed alone, in identifying those in preclinical AD stages. Gait metrics 
(speed and efficiency) played a key role as a clinical manifestation of early AD pathophysiology determined by blood-based biomarker 
concentration. Combining these assessments offers a multidimensional, cost-effective approach for preclinical-AD screening and 
potential early intervention.
Keywords: blood biomarkers, timed up and go, gait metrics, pTau217, pTau181

Introduction
Alzheimer’s disease (AD) is a gradually progressive neurodegenerative disorder and the most common cause of dementia. 
Characterized by the accumulation of amyloid plaques and neurofibrillary tau tangles, AD leads to neuronal loss and synaptic 
dysfunction.1 As of 2023, approximately 1 in 9 individuals over the age of 65 in the United States are affected by AD.2 

Although no single genetic cause has been identified, the apolipoprotein E (APOE) gene plays a significant role in influencing 
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the risk of developing AD.2 Individuals with a heterozygous APOE ε4 allele have an approximately 3- to 4-fold increased risk 
of developing AD compared to non-carriers, while those with the homozygous APOE ε4 allele face a significantly higher risk, 
with estimates ranging from 9 to 15 times greater risk.3–6

Gait changes and alterations in motor function are notable symptoms of AD.7–9 Gait analysis serves as a crucial non- 
invasive tool for assessing mobility in both aging and neurodegenerative disease. In advanced stages of dementia, mobility 
loss becomes widespread and has serious implications, including a heightened risk of falls, diminished independence, and 
reduced engagement in meaningful activities.10 In individuals with amnestic mild cognitive impairment (MCI), gait dis
turbances have been linked to an increased risk of progression to AD dementia.11 Notably, those with AD often exhibit gait 
deficits, such as reduced walking velocity as measured by the 10-meter walk test at a comfortable pace.12 The Timed Up and 
Go (TUG) test is a common mobility assessment tool that measures functional tasks such as standing, walking, and sitting 
back down. It is primarily used to assess mobility, balance, and fall risk in older adults. In healthy aging, TUG times tend to 
increase slightly with age, but significant delays may indicate mobility or balance issues.13 In AD, longer TUG times reflect 
greater mobility and balance impairments, which are linked to higher fall risk. The Timed Up and Go-Dual Task (TUG-DT) 
builds on the TUG by adding a cognitive component, requiring individuals to perform a secondary task—like counting—while 
completing the mobility task. This dual-task format helps assess cognitive-motor interactions. In healthy aging, the TUG-DT 
reveals how cognitive load impacts mobility, with modest delays typically observed in older adults. However, these delays are 
usually subtle and not indicative of serious impairment. High dual-task costs on the TUG-DT is associated with risk for 
progression to dementia and may be a valuable tool for early intervention.14 While extensive research has examined gait in 
patients with MCI and AD, there has been limited investigation into changes in gait in preclinical AD,15 a phase of AD in 
which there are cerebral biomarker changes but no cognitive symptoms. This stage has recently emerged as an ideal target for 
secondary prevention therapeutics, and clinical trials of monoclonal antibodies in this phase to slow/prevent disease 
development are ongoing.16 Currently, preclinical AD is diagnosed at specialty clinics using assessments such as amyloid 
positron emission tomography (Aβ-PET) and lumbar puncture, which are invasive, costly, and require interpretation by 
specialist teams. Blood biomarkers for AD hold the potential to enhance early diagnosis, monitor disease progression, and 
facilitate personalized treatment strategies. Among these biomarkers are phosphorylated tau at the 181 residue (pTau181), 
phosphorylated tau at residue 217 (pTau217), amyloid beta (Aβ) 42/40 ratio, and neurofilament light chain (NfL). Among 
these, pTau181 serves as a key biomarker for distinguishing AD dementia from non-AD dementias and Aβ-PET negative 
cognitively unimpaired (CU) older adults.17 pTau217 has been utilized due to its high specificity and sensitivity for AD. 
Additionally, the Aβ 42/40 ratio is crucial in AD research; a higher ratio suggests a lower risk of developing the disease, given 
that Aβ42 is more prone to aggregation and is predominantly found in senile plaques.18 Furthermore, NfL is a biomarker that 
reflects neurodegeneration more broadly, which can directly impact motor function and is associated with the prediction of gait 
decline, as observed in neurodegenerative diseases such as Parkinson’s disease.19,20 The development of biomarkers and 
clinical tools to detect preclinical AD is essential to allow for the early identification and treatment of the disease, especially 
given the recent approval of disease modifying therapeutics.21,22

Prior work revealed a positive association between gait assessments and AD biomarkers Aβ40, Aβ42, and NfL in 
a multiethnic cohort of 1,348 participants.23 The association between gait and blood-based biomarkers was supported 
by evidence that individuals with increased NfL and Aβ showed a decline in gait speed over years.24 To our 
knowledge, these recent studies are the first to investigate if biomarkers can explain the differences in gait assessment 
scores.

While gait changes are established in symptomatic MCI and AD, longitudinal research has identified a decline in gait 
metrics approximately 12 years before MCI onset.25 Extensive research in gait as a predictor of preclinical AD remains 
understudied. Therefore, the central objectives of this study are to: 1) investigate gait changes in preclinical AD and MCI 
participants using a standardized clinical gait assessment (the TUG and TUG-DT) and 2) examine the relationship 
between motor performance on the TUG/TUG-DT and AD blood biomarkers (pTau181, pTau217, Aβ 42/40, and NfL) in 
preclinical and MCI participants. Understanding these relationships may facilitate early intervention strategies to monitor 
and prevent falls in both preclinical and symptomatic AD.
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Materials and Methods
Participants
Participants were recruited over a two-year period from the Butler Alzheimer’s Prevention Registry (BAPR), part of the 
Butler Memory & Aging Program, in Providence, Rhode Island, and from the BayCare Morton Plant research site in 
Clearwater, Florida. Key inclusion criteria were an age range of 55–80, and scores above cut-off values on cognitive 
assessment measures (defined below). The exclusionary criteria, as previously published,26 included certain medical 
conditions that could compromise assessment validity (ie, some ocular or neurological conditions, brain injuries with 
lasting impairments, uncontrolled hypertension, or insulin requiring diabetes). Additionally, individuals with recent 
substance abuse, psychiatric disorders, or some uncontrolled systemic illnesses were excluded to maintain data integrity 
and participant safety. Prior to beginning the study, all included participants voluntarily agreed to participate after 
reviewing the informed consent. During enrollment, participants were divided into one of three groups: CU low-risk (n = 
74), CU high-risk (n = 87), and MCI patients (n = 33). The MCI group included 4 mild AD individuals and 29 MCI 
individuals. Cognitive ability was based on scores on the Clinical Dementia Rating Scale (CU = 0; cognitively impaired 
≥ 0.5) and the Montreal Cognitive Assessment (CU ≥ 24; cognitively impaired ≤ 23).27 For CU groups, AD-risk level 
was determined by APOE genotyping at screening visits (Spartan Bioscience, Inc., Ottawa, ON.) and first degree family 
history of AD. Participants with no APOE ε4 allele and no first-degree family history of AD were assigned to the low- 
risk group (n = 74), while those who carried at least one copy of the APOE ε4 allele and had a first-degree family history 
of AD were assigned to the high-risk group (n = 87). For this analysis, 194 community-dwelling older adults (mean age = 
67.28 ± 6.06 years) (see Table 1) completed the study visit including the TUG gait tasks and a blood draw. BayCare 
Health System institutional review board approval was obtained prior to data collection (#2018.106-BMP) and the data 
was in accordance with the principles stated in the Declaration of Helsinki.

Procedure
Test Procedures of Timed Up-and-Go and Timed Up-and-Go Dual-Task
The TUG and TUG-DT were administered sequentially during a single visit to examine gait. The outcome variables from 
the gait assessments included time to complete each task, step count per task, and dual-task cost (DTC). Equipment used 

Table 1 Demographics of CU Low-Risk, CU High-Risk, and MCI Groups

Variable Low-Risk  
(n=74)

High-Risk  
(n=87)

MCI 
(n=33)

P

Age (years) 67.9 (6.6) 65.7 (5.6)* 70.2 (4.9)** <0.001
Gender (f/m) 38/36 61/26* 13/20** 0.003
Education (years) 16.4 (2.1) 16.5 (2.6) 16.2 (2.6) 0.790
MoCA (score) 27.1 (2.0)*** 27.8 (1.8)*** 22.9 (3.1) <0.001
CDR (score = 0/score > 0) 68/4*** 85/2*** 12/21 <0.001
APOE (ε4+/ε4-) 1/73*** 85/1* 18/15** <0.001
Average TUG steps 20.8 (2.75)*** 22.3 (3.20)*** 23.4 (4.40) 0.001
Average TUG time 14.3 (1.72)*** 15.0 (2.33)*** 17.5 (3.88) <0.001
Average TUG-DT steps 21.9 (3.36) 23.5 (3.60)* 24.8 (4.31)* 0.001
Average TUG-DT time 16.2 (3.52)*** 16.6 (3.00)*** 19.8 (4.45) <0.001
NfL (pg/mL) 18.0 (7.72) 15.2 (5.84)* 20.6 (8.47)** 0.001
Aβ 42/40 (pg/mL) 0.046 (0.013) 0.045 (0.014) 0.042 (0.006) 0.275
pTau181 (pg/mL) 24.1 (12.7)** 15.9 (12.7)* 32.8 (17.6)* <0.001
pTau217 (pg/mL) 0.315 (0.234)** 0.468 (0.301)* 0.772 (0.565)* <0.001

Notes: Values are given as mean (SD) unless otherwise specified. Bolded p-values indicate statistical significance 
below alpha =0.05. *Significantly Different from Low-Risk, **Significantly Different from High-Risk, 
***Significantly Different from MCI. 
Abbreviations: Aβ 42/40, Amyloid beta 42/40 ratio; APOE, Apolipoprotein E; CDR, Clinical Dementia Rating 
Scale; CU, Cognitively Unimpaired; MoCA, Montreal Cognitive Assessment; MCI, Mild Cognitively Impaired; 
NfL, Neurofilament Chain Light; pTau181, Phosphorylated tau 181; pTau217, phosphorylated tau 217; TUG, 
Timed Up and Go; TUG-DT, Timed Up and Go Dual-Task.
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to administer the tasks included a standard armchair, video camera, stopwatch, and tape on the floor at a 10-foot mark. 
Two raters were present: one rater to read the scripts and transcribe participant verbal responses, and the other to video 
record the tasks for later verification of scores.

After seating the participant in an armchair, the rater confirmed that the participant could see the tape mark on the 
floor, positioned 10-feet in front of them, which indicated the stop and turn point. Verbal instructions were then provided 
for two practice trials to familiarize the participant with task components: 1) the gait task – rising from a seated position 
and walking at a normal pace for 10 feet, stop and turn around, walking back to the chair, and sitting back down and 2). 
The cognitive task-verbal serial subtraction from 100 by 3s. Once participants had practiced each component of the task, 
and it was clear they understood the task components, they completed two trials of both the TUG (gait task only) and 
TUG-DT (gait task + cognitive task).

Outcome Measures
The outcome measures for the TUG and TUG-DT were as follows: 1) TUG and TUG-DT – Time of completion for each 
trial of both tasks, measured to the nearest 10th of a second (start time: participant lifted off of the seat, stopped time: 
participant completely seated in seat); 2) TUG and TUG-DT - number of steps was counted on the video recordings of 
each participant; 3) TUG-DT only – number of correct serial subtractions. Each of the three outcome variables was 
collected for trials 1 and 2 of the relevant tasks. A mean score for each of the three outcomes was calculated based on 
Trials 1 and 2. The entire task was recorded on video, and all three outcomes were verified during video review by two 
qualified raters.

Blood Biomarkers
Participants completed a fasting blood draw of approximately 17.5mL. The blood sample acquisition, for assessment 
of AD biomarkers in plasma (mL = 10) and serum (mL = 7.5), was preprocessed by published pre-analytic standard 
protocols28 within one hour of collection and stored in −80 C. Samples were analyzed using standard analytic protocols29 

at the University of North Texas Health Sciences Center. Plasma samples (500μL) were prepared for assay with 
a customized Hamilton Robotic StarPlus system (Microlab STAR line) and assayed using single molecule analysis via 
SIMOA assay measuring individual concentrations (pg/mL) of biomarker NfL (associated with neurodegeneration) and 
plasma Aβ1–42. Concentrations of plasma pTau181 were assayed on Simoa HD-X instruments (Quanterix, Billerica, 
MA, USA).30 Plasma pTau217 was also measured on a HD-X assay, with a validated, novel single molecule array 
developed by ALZpath, Inc. This novel assay uses a special monoclonal antibody that specifically captures pTau217, 
along with an N-terminal detector antibody and a peptide calibrator.

Statistical Analysis
R-studio version 4.3.1 was used for all analyses. Video recordings of the number of steps (n = 166) and speed of the gait 
task (n = 194) were analyzed and scored by both the study lead neurologist (SS) and rater. DTC was calculated with 
variable averages between TUG and TUG-DT to determine the change in performance in number of steps and then in 
task duration. Time cost was calculated as 100*(TUG-DT time – TUG time)/TUG time). Step cost was calculated as 
100*(TUG-DT step – TUG step)/TUG step).31 There was missing step data (TUG and TUG-DT) from 28 participants 
due to camcorder failure or corrupted during file transfer resulting in inaccurate recordings. There were 182 participants 
with blood biomarker data. Of these participants, there were 2 participants who were excluded due to abnormally high 
pTau181 concentration levels, and 38 additional participants who had missing pTau217 data. We acknowledge that loss 
of gait and blood biomarker data could unintentionally bias the results.

One-way analysis of variances (ANOVAs) was used to determine group differences for continuous demographic 
variables. Chi-square tests and Fisher’s exact tests were used to determine group differences for categorical demographic 
variables. Sensitivity analyses using one-way ANOVAs and Fisher’s exact tests were conducted to determine differences 
in age, gender, education, Clinical Dementia Rating Scale scores, Montreal Cognitive Assessment scores, and APOE 
genotype for individuals included and excluded in each set of analyses (Table S1).
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One-way analysis of covariances (ANCOVAs) was employed to determine mean group differences on 16 TUG 
outcome variables (see Table 2) while controlling for participant age, gender, and years of education. Bonferroni 
corrections were used to correct for multiple comparisons. Pairwise t-tests were used to determine which groups differed 
for each outcome.

Logistic regressions were conducted in the CU participants with pTau217 data (n = 111) to determine whether average 
TUG steps, TUG time, TUG-DT steps, or TUG-DT time predicted whether someone was above or below 
a predetermined threshold for plasma pTau217 (0.495),32 while controlling for age, gender, and education. Model 
assumptions were checked, including residual plots, linearity of the logit, and outlier checks.

Three sets of generalized additive models (GAMs) were conducted (1. CU group comprised low-risk and high-risk 
participants, 2. low-risk CU only, 3. high-risk CU only) to examine whether plasma biomarkers predicted TUG outcomes 
(mean time, mean number of steps), while controlling for age, gender, and years of education. While the use of multiple 
linear regression was trialed first, model assumptions including the normality of residuals for some predictors were 
violated. After comparing model fit of multiple linear regression and GAMs using the Akaike information criteria, 
followed by ANOVAs, all models supported the use of GAMs. GAMs were selected as a non-parametric alternative to 
linear regression because they provide the flexibility to add both linear predictors and smooth predictors to the model, 
depending on the linearity of the relationship between each predictor and outcome. To limit the potential for overfitting in 
our models, we employed the least number of smooth terms necessary by visualizing linearity between predictor and 
outcome and assessed effective degrees of freedom for the smooth terms to ensure their inclusion was warranted.

Results
Demographics
Table 1 provides a summary of the demographics in the current study. In brief, 194 participants, divided into low-risk (N = 74), 
high-risk (N = 87), and MCI group (N = 33), were included for TUG analyses (n = 161 for CU). 185 (~95%) of participants 
were Caucasian, 5 participants were African American, and 3 were Native American. Briefly, groups differed on age (F = 7.75, 
p < 0.001), gender (F = 5.88, p = 0.002), and MoCA score (F = 63.90, p < 0.001). Post-hoc analyses revealed that the high-risk 
group was significantly younger and more likely to be women (p < 0.01), and that the MCI group performed worse on the 
MoCA (p < 0.001). For gait performance, the groups differed on TUG and TUG-DT outcomes. The MCI group completed 

Table 2 ANCOVA Results of TUG Variables Controlling for Age, Gender, and Years of Education

TUG Variables Entire Sample Low-Risk High-Risk MCI

Steps Run 1 22.06 (3.44)* 20.80 (2.75) 22.46 (3.26)^ 22.06 (3.44)^
Steps Run 2 21.78 (3.41)** 20.55 (2.65) 22.13 (3.20)^ 21.78 (3.41)^

Average Steps 21.92 (3.39)** 20.68 (2.65) 22.29 (3.20)^ 21.92 (3.39)^

Time Run 1 15.33 (2.87)*** 14.37 (1.75) 15.18 (2.35)^^ 15.33 (2.87)^
Time Run 2 14.91 (2.59)*** 14.08 (1.70) 14.79 (2.34)^^ 14.91 (2.59)^

Time Average 15.12 (2.68)*** 14.22 (1.66) 14.98 (2.33)^^ 15.12 (2.68)^

DT Steps Run 1 23.17 (3.76)** 21.82 (3.12) 23.54 (3.64)^ 23.17 (3.76)^
DT Steps Run 2 23.11 (3.86)** 21.73 (3.33) 23.51 (3.66)^ 23.11 (3.86)^

DT Steps Average 23.14 (3.77)** 21.78 (3.24) 23.53 (3.60)^ 23.14 (3.77)^

DT Time Run 1 17.07 (3.80)*** 16.34 (3.43) 16.54 (3.28)^^ 17.07 (3.80)^
DT Time Run 2 16.88 (3.82)*** 15.89 (3.66) 16.65 (3.12)^^ 16.88 (3.82)^

DT Time Average 16.97 (3.68)*** 16.11 (3.47) 16.59 (3.00)^^ 16.97 (3.68)^

Dual Task Cost Steps 5.58 (6.44) 5.23 (6.20) 5.52 (6.00) 5.58 (6.44)
Dual Task Cost Time 12.14 (13.41) 12.63 (14.98) 10.91 (12.16) 12.14 (13.31)

# Correct Serial Subtractions Test Run 1 8.08 (2.94) 8.12 (2.63) 8.26 (2.73) 8.07 (2.94)

# Correct Serial Subtractions Test Run 2 8.54 (3.00) 8.61 (2.87) 8.83 (2.66) 8.54 (3.00)

Notes: ^significantly different from Low-Risk, ^^ significantly different from MCI. *p<0.05, **p<0.01, ***p<0.001. 
Abbreviations: ANCOVA, Analysis of Covariance; DT, dual task; TUG, Timed Up and Go task.
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TUG significantly slower with a higher step count compared to CU groups (p < 0.001). The CU low-risk group completed 
TUG and TUG-DT fastest with the fewest steps compared to CU high-risk and MCI groups (p=0.001).

For blood biomarker analyses, 180 participants were divided into low-risk (N = 67), high-risk (N = 83), and MCI 
group (N = 30) for TUG analyses (n = 150 for CU). Groups differed in NfL (F = 7.20, p < 0.001), pTau181 (F = 18.49, 
p < 0.001), and pTau217 (F = 13.15, p < 0.001) concentrations. Tukey’s post hoc analyses revealed that the MCI group 
had significantly higher NfL (p < 0.01) than the high-risk group and higher pTau181 and pTau217 levels than both the 
high-risk (p < 0.01) and low-risk (p < 0.05) groups. The high-risk group had significantly higher levels of pTau217 
(p < 0.05) and lower levels of pTau181 (p < 0.01) and NfL (p < 0.05) than the low-risk group.

Group Differences in TUG and TUG-DT Performance
One-way ANCOVAs (controlling for age, gender, and years of education) were run to compare the mean differences 
between the three groups on trial 1, trial 2, and mean TUG steps, TUG time, TUG-DT steps, TUG-DT time, DTC for 
steps and time, and the average number of correct serial subtractions. For TUG step analyses, 28 observations were 
excluded due to missingness in average steps (Total N = 166; see Table S1 for sensitivity analyses). All p-values for 
group differences were Bonferroni corrected. Exploratory age x gender interactions were tested, however, given no 
differences in this interaction and no change to the observed group differences, the interaction term was left out to run the 
most parsimonious models. Increased age was significantly associated with greater steps and time in TUG and TUG-DT 
outcomes (p < 0.01) and was not significant for DTC or number of correct serial subtractions (p > 0.05). Across groups, 
males took significantly fewer steps (p < 0.05) on average than females for TUG step outcomes (p <0.05) (Figure S1). 
There was no gender difference across groups in TUG time (p >0.05) (Figure S1).

For TUG number of steps, there was a significant group difference for number of steps taken in TUG test run 1 (F(2, 161) = 
9.08, p <0.01), test run 2 (F(2, 161) = 9.55, p < 0.01), and average across both test runs (F(2, 161) = 9.56, p <0.01). Pairwise 
t-tests revealed that the low-risk group took significantly less steps than both the high-risk and MCI groups (p < 0.05) 
(Figure 1). These group differences remained for test run 1 (F(2, 161) = 9.35, p < 0.01) test run 2 (F(2, 161) = 9.05, p < 0.01), 

**

*

**

*

**

*

**

*

**

*

**

*

Figure 1 Bar graphs representing ANCOVA results for TUG and TUG-DT step performance, accounting for age, gender, and years of education. (A) Compares participant 
TUG average steps performance across the low-risk, high-risk, and MCI groups. (B) Compares participant TUG-DT average steps performance across the low-risk, high-risk, 
and MCI groups. The average steps to complete the TUG was recorded in trials 1 and 2, and then averaged to determine the average TUG steps and TUG-DT steps. 
*p<0.05, **p<0.01.
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and average steps (F(2, 161) = 9.48, p < 0.01) for the TUG-DT. The low-risk group took significantly less steps than both the 
high-risk and MCI (p < 0.05) groups on the TUG-DT (Figure 1).

For TUG time, there were significant group differences for test run 1 (F(2,189) = 22.08, p < 0.001), test run 
2 (F(2,189) = 20.03, p < 0.001), average time (F(2,189) = 22.22, p < 0.001). Pairwise t-tests revealed that the MCI group 
took significantly more time than both the low-risk and high-risk groups (p < 0.001) (Figure 2). These group differences 
remained for the mean time of test run 1 (F(2,189) = 14.95), p < 0.001), test run 2 (F(2,189) = 13.30), p < 0.001), and 
average (F(2,189) = 14.89, p < 0.001) for the TUG-DT. The MCI group took significantly longer than both the low-risk 
and high-risk groups (p < 0.001).

There were no significant group differences for dual-task cost steps, dual-task cost time, or number of correct serial 
subtractions on the TUG-DT in test run 1 or test run 2 (p > 0.05).

Predictive Value of TUG Performance on pTau217
We conducted hierarchical logistic regressions to determine whether TUG or TUG-DT performance predicted pTau217 status 
(positive vs negative) in the low-risk and high-risk CU sample (n = 111), based on a predetermined cut-off of.495 pg/mL.30 

Thirty-nine CU participants were excluded due to missing data (sensitivity analyses in Table S1). All regressions controlled for 
age, gender, and years of education. As preliminary analysis, gender had a weak association with pTau217 concentration 
(r = −0.04). An ANCOVA controlling for age, gender, and years of education suggested that the MCI group had significantly 
higher pTau217 concentration than the low-risk (p <0.01) and high-risk (p=0.05) groups, and that the high-risk group had 
significantly higher pTau217 concentrations than the low-risk group (p<0.01) after Bonferroni corrections.

In step 1, higher age was a significant predictor of positive pTau217 status (p = 0.02). In steps 2, 3, and 4, gender (p = 
0.54), years of education (p = 0.88), and group assignment (p < 0.01) respectively were added to age (p < 0.01) as covariates. 
In step 5, we added average TUG steps (model 1), average TUG-DT steps (model 2), average TUG time (model 3), or 
average TUG-DT time (model 4) as a fifth predictor to create 4 different logistic regression models predicting pTau217 status. 
While models including average TUG steps (p = 0.71) or TUG-DT steps (p = 0.98) and TUG-DT time (p = 0.076) were not 
statistically significant, average TUG time significantly predicted plasma pTau217 status, with a one-unit increase 

***

***

***

***

***
***

***

***

***

***

***

***

Figure 2 Bar graphs representing ANCOVA results for TUG and TUG-DT time, accounting for age, gender, and years of education. (A) Compares participant TUG average 
completion time across the low-risk, high-risk, and MCI groups. (B) Compares participant TUG-DT average completion time across the low-risk, high-risk, and MCI groups 
The time to complete the TUG was recorded in trials 1 and 2, and then averaged to determine the average TUG time and TUG-DT time. ***p<0.001.
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corresponding to a 41% lower likelihood of positivity (OR = 0.588 (95% CI:0.388,0.833), p = 0.006) while accounting for 
age (p < 0.001), gender (p = 0.659), and years of education (p = 0.299). Average TUG time remained significant after 
adjusting for multiple comparisons using Bonferroni correction (p =.03). A Receiver Operating Characteristic (ROC) curve 
was generated to examine sensitivity and specificity for the model including age, gender, years of education, and average 
TUG time logistic regression predicting pTau217 status (Figure 3). The area under the ROC curve was 0.826 with a sample 
prevalence of 21%. The model achieved a 43.5% sensitivity and 97% specificity with positive and negative predictive values 
of .714 and .866, respectively, in classifying whether someone was pTau217 positive or negative based on average TUG time.

Exploratory Associations of Plasma Biomarkers and TUG Performance
Exploratory hierarchical GAMs were run in a subset of CU participants (N = 91) to determine whether blood 
biomarker concentrations, including concentrations of plasma Aβ42/40, NfL, pTau181, and pTau217 biomarkers 
predicted the following outcome measures: 1) average TUG steps, 2) average TUG-DT steps, 3) average TUG 
time, and 4) average TUG-DT time. From the 150 CU participants with blood biomarker concentrations, 59 
additional participants were excluded from these analyses due to missing data in blood biomarkers and average 
TUG steps (sensitivity analyses in Table S1). We ran the same models for the low-risk (n = 39) and high-risk 
(n = 52) subsets of the CU group. For each outcome, the following hierarchical models were run:

Model 1: OUTCOME = age
Model 2: OUTCOME = age + gender
Model 3: OUTCOME = age + gender + years of education
Model 4: OUTCOME = age + gender + years of education + Aβ42/40
Model 5: OUTCOME = age + gender + years of education + Aβ42/40 + NFL
Model 6: OUTCOME = age + gender + years of education + Aβ42/40 + NFL + pTau181
Model 7: OUTCOME = age + gender + years of education + Aβ42/40 + NFL + pTau181 + pTau217

The reported models include all predictors as main effects. Since adjusted R-squared is less informative for GAMs, we 
report both the deviance explained and adjusted R-squared.33 Table 3 and Table 4 show GAM statistics for TUG steps/ 
time and TUGDT steps/time, respectively.

Figure 3 ROC curve illustrating the sensitivity and specificity of average TUG time in predicting pTau217 positivity, with an AUC value of .826 indicating strong 
discrimination for whether participants are below the pTau217 positivity threshold.
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Table 3 Generalized Additive Model Results for Timed Up and Go (TUG) Steps and Time Outcomes

Outcome Measure: Average TUG Steps

Sample Age Gender Education 
(years)

Aβ42/40 NfL pTau181 pTau217 Adj. 
R2

% Variance 
Explained

CU 

(N=91)

β=0.108, 

p=0.011

p >0.05 p >0.05 p>0.05 p >0.05 β=−.062, 

p=0.009

β=1.642, 

p=0.038

0.264 34.4

LR 
(N=39)

p >0.05 p >0.05 p >0.05 F=2.441, 
p=0.048

p>0.05 F=2.903, 
p =0.037

p>0.05 0.542 74.1

HR 

(N=52)

β=194, 

p=0.008

β=−1.52, 

p=0.059

p>0.05 p>0.05 F = 2.806, 

p =0.069

p>0.05 p>0.05 0.278 41.9

Outcome Measure: Average TUG Time

Sample Age Gender Education 
(years)

Aβ42/40 NfL pTau181 pTau217 Adj. 
R2

% Variance 
Explained

CU 

(N=91)

β=0.095, 

p=0.009

β=0.889, 

p=0.041

p>0.05 p>0.05 F=2.622, 

p=0.046

β=−.043, 

p =0.039

p>0.05 0.277 38.9

LR 
(N=39)

β=0.084, 
p =0.023

p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 0.281 49.0

HR 

(N=52)

β=0.197, 

p=0.002

p>0.05 p>0.05 p>0.05 F=3.739, 

p=0.017

p>0.05 p>0.05 0.416 53

Notes: Values in the table cells represent the appropriate statistical output (beta-coefficients and F statistics, as applicable) and associated p-values. 
Abbreviations: Aβ 42/40, Amyloid beta 42/40 ratio; CU, Cognitively Unimpaired; HR, High-risk; LR, Low-risk; NfL, Neurofilament Chain Light; pTau181, Phosphorylated 
tau 181; pTau217, Phosphorylated tau 217.

Table 4 Generalized Additive Model Results for Timed Up and Go Dual Task (TUG-DT) Steps and Time Outcomes

Outcome Measure: Average TUG-DT Steps

Sample Age Gender Education 
(years)

Aβ42/40 NfL pTau181 pTau217 Adj. 
R2

% Variance 
Explained

CU 
(N=91)

p >0.05 β=−1.706, 
p=0.007

β=0.236, 
p=0.063

p>0.05 p >0.05 F=2.684, 
p=0.037

p>0.05 0.230 31.1

LR 

(N=39)

p >0.05 β=−1.963, 

p=0.029

β=−.441, 

p=0.057

F=2.194, 

p=0.063

p>0.05 p>0.05 p>0.05 0.535 73.1

HR 

(N=52)

F = 2.325, 

p=0.043

p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 0.35 56.2

Outcome Measure: Average TUG-DT Time

Sample Age Gender Education 
(years)

Aβ42/40 NfL pTau181 pTau217 Adj. 
R2

% Variance 
Explained

CU 
(N=91)

β=0.112, 
p =0.030

p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 0.123 24.3

LR 

(N=39)

p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 0.209 45.3

HR 

(N=52)

p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 p>0.05 0.235 44.2

Notes: Values in the table cells represent the appropriate statistical output (beta-coefficients and F statistics, as applicable) and associated p-values. 
Abbreviations: Aβ 42/40, Amyloid beta 42/40 ratio; CU, Cognitively Unimpaired; HR, High-risk; LR, Low-risk; NfL, Neurofilament Chain Light; pTau181, Phosphorylated 
tau 181; pTau217, Phosphorylated tau 217.
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In the CU group including low and high-risk CU, the full model predicting average TUG steps showed age, pTau181, 
and pTau217 as significant predictors, explaining 34.4% of the variance. In the low-risk group, Aβ42/40 and pTau181 
were significant. This model explained 74.1% of the variance. In the high-risk group, only age was significant, while NfL 
was trending toward significance. This model explained 41.9% of the variance. For average TUG-DT steps, gender and 
pTau181 were significant and the model explained 31.3% of the variance. pTau181 and gender were significant in the 
low-risk group (73.1% explained). Only age was significant in the high-risk group (56.6% variance explained).

For average TUG time, age, gender, NfL, and pTau181 were significant in the total CU group (38.9% variance 
explained). Only age was a significant predictor in the low-risk group. In the high-risk group, age and NfL were 
significant predictors and this model explained 53.0% of the variance. For average TUG-DT time in the CU group, only 
age was significant (24.3% variance explained). There were no significant predictors in the low-risk group or high-risk 
groups individually for TUG-DT time.

Discussion
The objectives of this study were to examine: 1) group differences between CU older adults at low and high risk for AD 
and MCI patients on a standardized clinical measure of gait performance and efficiency and 2) the relationship between 
gait performance and plasma biomarkers of AD. Our results show notable group differences between CU older adults and 
MCI patients in gait performance on the TUG and TUG-DT, with MCI patients having a slower gait speed than CU older 
adults. A novel finding is that our CU high-risk group showed performance similar to the MCI group in terms of gait 
efficiency (number of steps) in the TUG and TUG-DT, while the CU low-risk group showed greater gait efficiency 
compared to the CU high-risk and MCI groups. Notably, no significant step differences were found between the high-risk 
group and the MCI group, suggesting that these individuals may share similar levels of mobility challenges while 
executing gait tasks.

The group differences in TUG and TUG-DT time showed that the MCI group had slower gait speed than the CU 
group, with no distinction between the high and low-risk CU groups. However, group differences in TUG and TUG-DT 
steps showed that both the MCI and high-risk groups took more steps than the lower risk group. This raises the question 
of whether step metrics may be a more sensitive indicator of early disease changes in at-risk older adults, as supported in 
other research.34 Larger studies in more diverse samples are needed to replicate this finding, and longitudinal data would 
help clarify whether step data can be used as a clinical prognostic to detect subtle differences between high- and low-risk 
older adults for AD.

While preliminary analysis examining unadjusted bivariate associations between plasma biomarkers and gait were not 
significant (Table 5), we were interested in examining whether TUG performance may predict whether individuals are 
above or below a threshold for pTau217 positivity since it is well documented that plasma pTau217 is a well-validated 
biomarker of cerebral amyloidosis.35,36 Blood biomarkers provide a cost-effective and minimally invasive approach 
compared to other biomarkers (ie amyloid and tau PET, lumbar puncture for CSF), as pTau217 is a comparable 
biomarker to amyloid PET.37 Our results showed that TUG speed is a specific predictor of plasma pTau217 status in 
the CU groups (low-risk and high-risk) (Figure 3). As the average TUG time worsened, the likelihood of being below the 
threshold for pTau217 increased. This is a counterintuitive finding; we would expect that as performance worsens, 
participants would be more likely to be above the threshold for pTau217. The model (Figure 3) demonstrated low 

Table 5 Bivariate Spearman Correlations Between Blood Biomarkers and TUG Outcomes in the CU Sample 
(n = 150)

Aβ42/40 NfL pTau181 pTau217

Average TUG steps ρ =0.063, p =0.482 ρ =0.088, p =0.325 ρ =0.006, p =0.946 ρ =0.138, p =0.200
Average TUG time ρ = −0.108, p =0.190 ρ =0.007, p =0.931 ρ =0.052, p =0.528 ρ =0.026, p =0.787

Average TUG-DT steps ρ = −0.088, p =0.324 ρ =0.097, p =0.277 ρ =0.022, p =0.807 ρ =0.176, p =0.094

Average TUG-DT time ρ = −0.131, p =0.112 ρ =0.064, p =0.436 ρ = −0.007, p =0.934 ρ =0.032, p =0.737

Abbreviations: Aβ 42/40, Amyloid beta 42/40 ratio; NfL, Neurofilament Chain Light; pTau181, Phosphorylated tau 181; pTau217, 
Phosphorylated tau 217; TUG, Timed Up and Go; TUG-DT, Timed Up and Go Dual Task.
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sensitivity and highly specificity, meaning that in this sample, gait speed worked well to identify those below the 
threshold for pTau217 (few false positives), but weak in identifying those above it. This finding aligns with PET research 
that support an association between slower gait speed and higher Aβ accumulation in brain regions responsible for gait 
function, including posterior and anterior putamen, and occipital cortex.38 Taken together, clarifying the utility of the 
TUG as a potential screening tool in discriminating pTau217 positivity in CU older adults is an important future direction 
given the TUG is an easy timed gait task widely used in clinical settings.

Our findings showing that plasma biomarkers, specifically pTau181 and pTau217, independently predict gait 
performance on the TUG and TUG-DT in the combined CU groups are novel. Specifically, pTau181 emerged as 
a stronger predictor on gait outcomes, while pTau217 contributes to some TUG changes (Table 3 and Table 4). This 
aligns with our results showing that high-risk CU individuals perform similarly to those in the MCI group in gait 
efficiency on the TUG and TUG-DT, suggesting a continuum in which tau pathologies impact mobility prior to cognitive 
decline. While these relationships should be viewed as exploratory, tau plasma biomarkers, when assessed alongside gait 
metrics, may provide information about preclinical AD risk.

Given previous work using lower-extremity gait tasks showed that individuals with impaired gait performance were 
2–3 times more likely to develop AD than someone without motor function deficits,39 the relationship between gait and 
blood-based biomarkers presents a promising avenue for early detection of AD pathophysiology and potential interven
tions. Additional clinical evaluation tools that are easily administered and implemented, such as gait tasks and blood 
analysis, can aid in early detection of those in need of early intervention, such as lifestyle changes and disease modifying 
therapies.

Limitations and Future Directions
One limitation is that our study method to collect gait metrics was largely observational and subject to human error. Gait 
assessments could be enhanced by using accelerometers for precise quantitative data,40 reducing potential bias by human 
observation. Additionally, the use of wearable devices can capture additional gait features (step length, bilateral 
coordination, stance time, swing time, etc.) that would otherwise be difficult to collect through observation alone. 
Moreover, precise data would strengthen the ability to find subtle differences between groups. This was mitigated in our 
study by evaluation of video by multiple raters; however, future studies should implement these technologies to avoid 
human error.

Additionally, our sample was highly educated, largely White, and does not reflect performance across different races 
and ethnicities. Given findings suggesting that ethnicity plays a role in the relationship between functional outcomes and 
plasma biomarkers,23 future work should examine gait performance and plasma biomarkers in larger, more diverse 
samples, over a longer time to elucidate whether these findings are robust outside of our population.

Finally, the absence of covariates that influence muscle strength, mobility, and physical activity (eg, body mass 
index, medication use, and kidney function) limits interpretability. Future studies should account for factors, which 
contribute to a variability in biomarker concentration and gait performance to strengthen the interpretation of the 
findings.

Conclusion
Despite this study’s limitations, our findings demonstrate that blood biomarker analysis can detect early mobility 
changes, and combining biomarker assessments with gait task outcomes improves the ability to identify individuals at 
risk for both mobility and cognitive decline. Gait metrics were associated with AD blood biomarkers, suggesting that 
subtle motor changes may reflect early AD-related pathologies in unimpaired populations. These results support the 
theory that gait changes may be one of the earliest clinical manifestations of AD pathophysiology, but additional research 
is warranted. The variation in the association between specific gait metrics and biomarkers emphasizes the need for 
a multidimensional approach to gait assessments in a clinical setting. Future research exploring multimodal biomarkers 
and wearable devices in longitudinal study designs would establish if these combined measures serve as a cost-effective 
tool for preclinical-AD screening.
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