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Abstract

BACKGROUND: The fraction of total plasma vitamin B4, bound to transcobalamin (holoTC/B12
ratio) may reflect tissue levels of the vitamin, but its clinical relevance is unclear.

METHODS: We assessed associations between cognitive function and total B12, holoTC, and
holoTC/B12 ratio in a cohort of elderly Latinos (n = 1089, age 60-101 years). We assessed cognitive
function using the Modified Mini-Mental State Examination (3MSE) and a delayed recall test; we
diagnosed clinical cognitive impairment by neuropsychological and clinical exam with expert
adjudication; and we assessed depressive symptoms using the Center for Epidemiological Studies
Depression Scale (CES-D). We measured total B12 and holoTC using radioassays.

RESULTS: HoloTC/B12 ratio was directly associated with 3MSE score (P = 0.026) but not delayed
recall score. Interactions between holoTC/B12 and CES-D score were observed for SMSE (P = 0.026)
and delayed recall scores (P = 0.013) such that associations between the ratio and cognitive function
scores were confined to individuals with CES-D >16. For individuals with CES-D >16, the odds ratio
for clinical cognitive impairment for the lowest holoTC/B12 tertile was 3.6 (95% CI 1.2-11.2)
compared with the highest tertile (P =0.03). We observed no associations between cognitive function
and total B12 or holoTC alone, except between holoTC and 3MSE score (P = 0.021), and no
interactions between holoTC or total B12 and CES-D score on cognitive function.

CONCLUSIONS: HoloTC/B12 ratio is associated with cognitive function in elderly Latinos with
depressive symptoms and may better reflect the adequacy of B12 for nervous system function than
either holoTC or total B12 alone.
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The clinical manifestations of vitamin By, (BlZ)6 deficiency are both hematologic and
neurological. Hematologic consequences occur most commonly in severely deficient
individuals (1) and present primarily as macrocytic (megaloblastic) anemia. In contrast, the
neurological consequences of B12 deficiency are many and varied, including subacute
combined degeneration of the spinal cord, peripheral neuropathy, depression, cognitive
impairment, and dementia (2,3). Neurological complications may occur in the absence of
hematologic complications (4) and may become permanent if diagnosis and treatment are
delayed (5).

Vitamin By is transported in the circulation bound to 2 specific proteins, haptocorrin and
transcobalamin (TC). The majority of total plasma B12 (approximately 70%—-80%) is bound
to haptocorrin, but no haptocorrin receptor has been identified on extrahepatic tissues. Vitamin
B4, bound to TC, or holoTC (previously referred to as holoTC 1), represents the remaining
approximately 20%-30% of total plasma B12 and is responsible for cellular delivery of B12
through receptor-mediated endocytosis involving a specific TC receptor found on all tissues.
Thus, TC is regarded as the primary circulating B12 binding protein for cellular delivery (6).

Although total plasma B12 is currently the standard clinical screening test for B12 deficiency,
B12-responsive metabolic (7,8) and neurological (4) abnormalities may be present when total
B12 is within the reference interval (>148 pmol/L). Plasma levels of methylmalonic acid and
homocysteine, both metabolic markers of B12 status, are considered to be more sensitive
indicators than total plasma B12 alone. However, these metabolites are increased in renal
insufficiency (8), and homocysteine concentration is also increased as the result of deficiencies
of folate and vitamin Bg and in hypothyroidism and other conditions (9). HoloTC concentration
is a useful measure of B12 status (10-13) and may be used most effectively in combination
with total B12 (14). What has not been considered in the assessment of B12 status is the
significance of the percentage of total B12 bound to TC (holoTC/B12 ratio). Although this
typically ranges from 20% to 30%, it can vary among individuals from <10% to >70% (10).
We hypothesized that the ratio may supply important information about the availability of B12
for delivery to the tissues and possibly provide a sensitive measure of B12 status. To date, there
have been no reports on the clinical relevance of holoTC/B12 in assessing B12 status.

In this study, we assessed and compared the associations between cognitive function and
holoTC, total B12, and the holoTC/B12 ratio in a representative population of community-
dwelling older Latinos.

PARTICIPANTS AND METHODS
PARTICIPANTS

We carried out this analysis in a cohort of community-dwelling elderly Latinos (age 60-101
years) participating in the Sacramento Area Latino Study on Aging (SALSA) (15-18).
Participants resided in Sacramento, CA, and surrounding Northern California communities.
The cohort of 1789 individuals was recruited over a period of 18 months beginning in February
1998; details of sampling and recruitment have been published (15,16). Of the original 1789
participants, 1089 had valid measurements of both holoTC and total B12 and are included in
this study. Participant recruitment and study procedures for SALSA were approved by the
Human Subjects Review Committee at the University of California, Davis, and written
informed consent was obtained from all study participants.

6 Nonstandard abbreviations: B12, vitamin B12; TC, transcobalamin; holoTC, holotranscobalamin; SALSA, Sacramento Area Latino
Study on Aging; 3MSE, Modified Mini-Mental State Examination; CIND, cognitively impaired but not demented; CES-D, Center for
Epidemiological Studies Depression scale; OR, odds ratio.

Clin Chem. Author manuscript; available in PMC 2009 September 25.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Garrod et al. Page 3

SAMPLE COLLECTION AND ANALYSES

Blood samples were collected from fasting participants during home visits and kept on ice until
processing within 4 h at the University of California Davis Medical Center Clinical Laboratory.
Plasma and serum were isolated and stored at —80 °C until analysis. Total plasma B12 was
measured by radioligand binding assay (Bio-Rad Diagnostics), and plasma holoTC was
measured by monoclonal antibody capture of the holoTC followed by radioligand binding
assay (Axis-Shield) (12). HoloTC/B12 ratio was calculated and expressed as a percentage.
Erythrocyte folate was measured by automated chemiluminescence assay (ACS 180; Chiron
Diagnostics [now Siemens Diagnostics]). Total plasma homocysteine was determined by
HPLC with fluorescence detection (19). Serum creatinine was analyzed by the Jaffe rate
reaction method using a Synchron LX20 instrument (Beckman Coulter). CVs for each of the
assays have been determined: total B12, 4.7%; holoTC, 5.7%; erythrocyte folate, 10%; total
homocysteine, 4.2%; and creatinine 3.3%. Analyte cutoff values were based on standard
clinical reference intervals or literature reports: total B12 <148 pmol/L (standard clinical
reference interval); holoTC <35 pmol/L (13); erythrocyte folate <160 ug/L (standard clinical
reference interval); homocysteine >13 umol/L (20); creatinine >13 mg/L (standard clinical
reference interval).

ASSESSMENT OF COGNITIVE FUNCTION AND DEPRESSIVE SYMPTOMS

We assessed global cognitive function, including evaluations of memory, orientation, attention,
and language, using the Modified Mini-Mental State Examination (3MSE) on a scale of 0 to
100 points (21). A 3MSE score of <78 approximates the 20th percentile of scores for the
SALSA population. We assessed the ability to learn and recall verbal information using a
delayed recall test based on a 15-point scale (22). Clinical cognitive impairment was defined
as either demented or cognitively impaired but not demented (CIND) and was diagnosed based
on neuropsychological test scores, mental status examination, the Informant Questionnaire on
Cognitive Decline in the Elderly (23), medical history, and neurologic examination. Dementia
was diagnosed according to American Psychiatric Association (24) and California Alzheimer
Disease Diagnostic and Treatment criteria (25). CIND was diagnosed if the person had
clinically significant impairment in>1 cognitive domain but did not meet diagnostic thresholds
for dementia because of insufficient cognitive decline or functional independence. Complete
details of the diagnosis of dementia and CIND have been described (16). We assessed
depressive symptoms using the Center for Epidemiological Studies Depression Scale (CES-
D) (26). Total CES-D scores range from 0 to 60, with a score of >16 indicating a significant
level of depressive symptoms (26).

ASCERTAINMENT OF DIABETES AND STROKE

We ascertained prevalence of diabetes and stroke as described (27). Briefly, participants who
met one or more of the following criteria were characterized as having diabetes: (a) fasting
plasma glucose >126 mg/dL (>7.0 mmol/L); (b) antidiabetic medication use; (c) self-report or
physician's diagnosis of diabetes. Stroke was determined by self-report in response to direct
questioning. For those participants reporting a history of stroke, we confirmed 85% of reports
by medical chart review; medical charts for the other 15% were unavailable for review.

STATISTICAL ANALYSES

We used multiple linear regression analyses to build statistical models to describe and compare
the associations between total B12, holoTC, and holoTC/B12 ratio (independent variables) and
3MSE and delayed recall scores (dependent variables). We built a series of 3 regression models
for each combination of independent and dependent variables as follows: model 1, univariate
analysis; model 2, model 1 controlling for confounding by age, sex, education, diabetes, stroke,
homocysteine, and creatinine, the latter variable as an indicator of renal function known to
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affect plasma holoTC and total B12 levels (13,28); and model 3, model 2 with additional
controlling for confounding by CES-D score (<16 or >16). We assessed interactions between
CES-D score (<16 or >16) and total B12, holoTC, and holoTC/B12 ratio on 3MSE and delayed
recall scores by 2-factor ANOVA. We defined an indicator variable for tertiles of holoTC/B12
ratio and then compared least square mean 3MSE and delayed recall scores, adjusted for age,
sex, education, stroke, diabetes, homocysteine, and creatinine, using the Tukey-Kramer test
among the holoTC/B12 ratio tertiles for individuals with low and high CES-D scores (<16 or
>16). We used logistic regression to evaluate odds ratios (ORs) as indicators of the strength
and direction of the relationship between clinical diagnosis of cognitive impairment and tertiles
of total B12, holoTC, and holoTC/B12. We assessed interactions between the 3 B12 status
indicators and depressive symptom score on the ORs for clinical cognitive impairment by
including factors of total B12, holoTC, and holoTC/B12 times CES-D score as separate
independent variables in the logistic regression analyses. Cases of dementia and CIND were
combined into one group and designated as “clinical cognitive impairment” because the
numbers of cases within the dementia and CIND groups were deemed too few to permit
evaluation of associations within each diagnosis separately. We determined ORs (95% ClIs) in
adjusted models controlling for potential confounding by age, sex, education, diabetes, stroke,
homocysteine, and creatinine for all participants and for participants divided according to CES-
D score (<16 or >16). The statistical analyses were carried out using Statview for Macintosh
and Windows (version 5.0.1; Abacus Concepts). Statistical significance was defined as P <
0.05.

The characteristics of the study sample are presented in Table 1. The study sample, which
includes all participants with valid measures of both holoTC and total B12 (n = 1089), is closely
comparable to the entire baseline cohort (n = 1789) with respect to demographic, biochemical,
and neuropsychological variables (17,18). No differences in age, sex distribution, total B12,
holoTC, RBC folate, CES-D scores, or prevalence of clinical cognitive impairment (dementia
and CIND), diabetes, and stroke were noted between the entire baseline cohort and our
subsample. The baseline cohort had a slightly lower median education level (6.0 vs 7.5 years),
a slightly lower percentage of individuals with creatinine >13 mg/L (5.7% vs 6.8%), and
slightly higher percentages of individuals with 3MSE score <78 (22% vs 18%) and delayed
recall score <6 (25% vs 23%).

Multiple regression analysis models for 3MSE score are summarized in Table 2. In the
univariate model (model 1), neither total B12 nor holoTC was associated with 3MSE score. In
contrast, holoTC/B12 ratio was associated with 3MSE score (P = 0.001). After controlling for
confounding by age, sex, education, diabetes, stroke, homocysteine, and creatinine (model 2),
holoTC/B12 remained associated with 3MSE score (P = 0.046), and this association stayed
significant with additional controlling for depressive symptom score (CES-D <16 or >16)
(model 3) (P =0.026). HoloTC, but not total B12, became associated with 3MSE score after
controlling for all confounding variables (model 3) (P = 0.021). With respect to the depressive
symptom score itself, after controlling for confounding by age, sex, education, diabetes, stroke,
homocysteine, and creatinine, mean (SD) 3MSE score was significantly lower in those
participants with CES-D >16 than in those with CES-D <16 [82.9 (12.4) vs 88.1 (10.0); P <
0.001]. The strength of the association between CES-D score and 3MSE score was not
significantly affected by addition of total B12, holoTC, or holoTC/B12 to the model.

Multiple regression analysis models for delayed recall score are summarized in Table 3. None
of the B12 status measures was associated with delayed recall score in any of the models. With
respect to depressive symptom score, after controlling for confounding by age, sex, education,
diabetes, stroke, homocysteine, and creatinine, mean delayed recall score was significantly
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lower in those participants with CES-D >16 than in those with CES-D <16 [8.0 (3.0) vs 9.0
(2.8); P < 0.001]. This association between CES-D score and delayed recall score was not
significantly affected by addition of total B12, holoTC, or holoTC/B12 to the model.

Two-factor ANOVA revealed significant interactions between holoTC/B12 and depressive
symptom score on both the 3SMSE (P = 0.026) and delayed recall (P = 0.013) tests. By multiple
regression analysis, we then assessed separately the associations between holoTC/B12 and
3MSE and delayed recall scores for participants with low and high CES-D scores (<16 and
>16), controlling for confounding by age, sex, education, diabetes, stroke, homocysteine, and
creatinine. HoloTC/B12 was associated with 3MSE score in those participants with high CES-
D scores [coefficient (SE) 20.7 (7.5); P = 0.006], but not in those with low CES-D scores [2.0
(3.3); not significant]. Likewise, holoTC/B12 was associated with delayed recall score in those
participants with high CES-D scores [4.6 (1.9); P = 0.016], but not in those with low CES-D
scores [-0.17 (0.95); not significant]. Secondary analyses comparing mean 3MSE and delayed
recall scores among tertiles of holoTC/B12 are summarized in Figs. 1 and 2. For participants
with high CES-D scores, mean 3MSE score was 5.6 points higher (P <0.001) and mean delayed
recall score was 1.1 point higher (P = 0.06) in the highest holoTC/B12 ratio tertile compared
with the lowest tertile. No significant interactions were observed between CES-D score and
either holoTC or total B12 alone with respect to 3MSE or delayed recall scores (data not
shown).

For analyses of the associations between indicators of B12 status, CES-D score, and clinical
cognitive impairment, we combined diagnoses of dementia and CIND into 1 group as the
dependent variable. By logistic regression analysis, after controlling for confounding by age,
seX, education, CES-D score, diabetes, stroke, homocysteine, and creatinine, the OR (95% Cl)
for clinical cognitive impairment for the lowest tertile of holoTC/B12 was 1.9 (0.94-3.8)
compared with the highest (reference) tertile (P = 0.07). In addition, there was a significant
interaction between holoTC/B12 and CES-D score on the risk of clinical cognitive impairment
(P =0.014). We then calculated separately the ORs for clinical cognitive impairment by tertiles
of holoTC/B12 for individuals with low and high depressive symptom scores. For those
individuals with a CES-D score >16, the OR for clinical cognitive impairment for the lowest
tertile of holoTC/B12 was >3-fold higher (OR 3.6; 95% CI 1.2-11.2) than the highest tertile
(P =0.03) (Fig. 3). In contrast, for those with a CES-D score <16, the OR for clinical cognitive
impairment for the lowest tertile of holoTC/B12 was not significantly different from unity (Fig.
3). No significant associations between holoTC or total B12 and clinical cognitive impairment
were observed, nor were significant interactions between CES-D score and holoTC or total
B12 on clinical cognitive impairment observed (data not shown). With respect to depressive
symptom score itself, after controlling for confounding by age, sex, education, diabetes, stroke,
and creatinine, the OR for clinical cognitive impairment for those participants with CES-D >16
compared with those with CES-D <16 was 3.0 (1.7-5.6) (P < 0.001).

Discussion

In this elderly Latino population, a low ratio of holoTC to total B12 was associated with low
3MSE and low delayed recall scores and an increased odds ratio for clinical cognitive
impairment (diagnosis of dementia or CIND) among those who also had increased depressive
symptom scores. In contrast, neither holoTC nor total B12, when considered separately, were
significantly associated with global cognitive function or clinical cognitive impairment
regardless of depressive symptom score. These results suggest that the proportion of total B12
on TC may better reflect B12 status in the brain than either holoTC or total B12 alone. One
possible interpretation of these findings is that a low holoTC/B12 ratio is indicative of
suboptimal supply of B12 to the brain, which results in a global effect characterized by both
depressive symptoms and cognitive impairment. However, because this is a cross-sectional
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study, it is not possible to draw any conclusions about cause and effect, and the possibility of
reverse causation cannot be dismissed.

Clinically, vitamin B4, deficiency is known to affect the nervous system, resulting in peripheral
neuropathy, gait ataxia, depression, cognitive impairment, and dementia (2,3). Although low
plasma B12 status has been associated with cognitive impairment and dementia in case-control
studies (29,30), both cross-sectional and prospective cohort studies have shown mixed
associations of plasma B12 concentration with specific measures of cognitive function. In a
cross-sectional assessment of 1000 free-living adults age 75 years and older, low serum B12
concentrations (<133 pmol/L) were associated with a 2- to 4-fold increased risk of cognitive
impairment as indicated by low Mini-Mental State Examination (MMSE) scores (31). In
contrast, no correlation between serum B12 concentrations and cognitive performance was
observed on several tests including the MMSE in cross-sectional (n = 559) analyses of
participants of the Leiden 85-Plus Study (32). In addition, in a subsample of this same cohort
(n = 341), serum B12 levels did not predict cognitive decline longitudinally (32). To further
complicate the issue, in some studies, high rather than low plasma B12 concentrations were
associated with poor cognitive function. One study, using cross-sectional data from 818
individuals 50-70 years old, found plasma B12 concentrations to be inversely associated with
specific functions of memory and sensori-motor speed (33). However, this study excluded
individuals with B12 deficiency, which may explain, in part, the inverse associations observed.
In a case-control study of 30 primary Alzheimer-type dementia patients, a significant
association was observed between declining Cambridge Cognitive Examination scores and
increasing total serum B12 concentrations (34). The authors suggested that these paradoxical
findings might be explained by the fact that total B12 consists of B12 bound in serum to both
haptocorrin and TC, implying that an increased total B12 may be due to an increase in
haptocorrin and therefore not all the B12 would be available to extrahepatic tissues.

One possible explanation for the disparate findings among epidemiological studies is that
depressive symptoms generally have not been taken into consideration as a potential effect
modifier of the association between B12 and cognitive function. Though limited, there is
evidence that the associations between plasma vitamin B, and cognitive function test scores
are stronger in depressive patients than in nondepressive patients (35). This is consistent with
the present study in which the significant association between holoTC/B12 and cognitive
function was confined to those participants with depressive symptoms. Thus, we hypothesize
that patients exhibiting concurrently depressive symptoms and cognitive impairment may be
those most likely to respond to B12 supplementation, particularly if the holoTC/B12 ratio is
low. However, it cannot be ruled out that cognitive impairment causes both depressive
symptoms and reduced holoTC/B12 ratio by unrecognized pathophysiological mechanisms or
by behavioral modifications affecting dietary intake of B12.

The disparate findings among epidemiological studies may also be explained by variations in
sensitivity and accuracy of assessments used to determine the degree of cognitive function in
individuals, or by difficulties in accurately assessing B12 status. Typically, B12 status is
assessed using a single measurement of total plasma or serum B12. However, the use of only
1 measure to establish a deficient or suboptimal state allows for potential misclassification.
Other assays used in conjunction with total B12, such as methylmalonic acid, homocysteine,
and holoTC, may allow for better discrimination of B12 status than total B12 alone (11,14,
36,37), but inherent limitations in these assays may still lead to misclassification of B12 status.
It remains to be seen if various combinations of metabolic assays, using consistent cutoff
values, will further improve the ability to detect an association between B12 status and
cognitive function in epidemiological studies.
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In this study, we have introduced the concept of combining holoTC and total B12
measurements in a ratio. We propose that this ratio may provide a better reflection of cellular
delivery and tissue B12 status, at least for the brain, than any of the current measures used,
including holoTC and total B12 alone. The use of holoTC in a ratio to assess B12 status has
been reported, but usually in the context of the percentage of total TC that has bound B12 or
percent TC saturation (a calculated value that is distinct from the holoTC/B12 ratio). Percent
TC saturation, in combination with holoTC, has been suggested as a better measure of change
in B12 status than holoTC alone (10,11,38). Whereas this information may be useful in
diagnosing malabsorption, holoTC/B12 may better reflect the availability of circulating B12
to tissues, and therefore intracellular B12 status. The use of TC saturation as a measure of B12
status may be analogous to what has been reported for circulating iron in which the ratio of
serum iron to total iron binding capacity (transferrin saturation) provides informative evidence
of tissue iron supply (39). However, because there are 2 distinct plasma B12 transport proteins,
TC and haptocorrin, a measure of the distribution of total B12 between these proteins, i.e., the
holoTC/B12 ratio, may better reflect the functional efficiency of B12 delivery to extrahepatic
tissues than does TC saturation. Moreover, there is some evidence to suggest that plasma
concentrations of TC (but not holoTC) rise as an acute phase reactant in association with
infection or inflammatory disease (40). The usefulness of TC saturation might therefore be
compromised in individuals with inflammatory conditions.

HoloTC/B12 ratio is associated with cognitive function in elderly Latinos with increased
depressive symptoms. Thus, the ratio may serve as a convenient biomarker of global brain
function in older adults and may be more useful to identify individuals at risk for combined
cognitive impairment and depression than simple measurement of total B12 or holoTC alone.
This should be confirmed in other populations and in longitudinal and intervention studies to
apply this ratio for diagnostic purposes.
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3MSE score
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Fig. 1. Mean (SE) scores (0-100 scale) on the 3MSE for participants divided by depressive symptom
score (CES-D score < or >16) and holoTC/B12 tertile

Scores are adjusted for age, sex, education, stroke, diabetes, homocysteine, and creatinine.
Differences among the tertiles were assessed by Tukey-Kramer multiple-comparisons test.
Sample sizes for low and high CES-D score groups were n = 771 and n = 251, respectively.
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Delayed recall score
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Fig. 2. Mean (SE) scores (0-15 scale) on the delayed recall test for participants divided by depressive
symptom score (CES-D score < or >16) and holoTC/B12 tertile

Scores are adjusted for age, sex, education, stroke, diabetes, homocysteine, and creatinine.
Differences among the tertiles were assessed by Tukey-Kramer multiple-comparisons test.
Sample sizes for low and high CES-D score groups were n = 774 and n = 250, respectively.
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Clinical cognitive impairment
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Fig. 3. ORs (95% Cls) for clinical cognitive impairment (diagnosis of CIND or dementia) for
participants divided by depressive symptom score (CES-D score < or >16) and holoTC/B12 tertile
HoloTC/B12 tertile 3 serves as the reference tertile (Ref.). ORs are adjusted for age, sex,
education, stroke, diabetes, homocysteine, and creatinine. Differences among the tertiles were
assessed by logistic regression analysis. Sample sizes for low and high CES-D score groups
were n = 780 and n = 254, respectively.
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SALSA study sample characteristics.?

Table 1

Sex, % female

Age, years

Education, years

Total B12, pmol/L
HoloTC, pmol/L
HoloTC/B12 ratio, %
Erythrocyte folate, pg/L
Total homocysteine, umol/L
Creatinine, mg/L
Diabetes, %

Stroke, %

CES-D score, 0-60
3MSE score, 0-100

Delayed recall score, 0-15

n
1089
1089
1083
1089
1089
1089
1020
1087
1083
1089
1089
1040
1071
1073

Clinical cognitive impairment, % 1089

Value
59
70 (60-101)
7.5 (0-25)
298 (16-1453)
76 (3-160)
25.0 (2.5-75.2)
508 (50-900)
9.8 (4.4-129)
8.0 (3.0-102)
33
9.4
6 (0-54)
89 (0-100)
9 (0-15)
7.9

Percentage abnormal
(cutoff value)

6.5 (<148)
8.0 (<35)
0.7 (<160)

16.9 (>13.0)
5.7 (>13)
25 (>16)
22 (<78)
23 (<6)

Page 13

a . . - S : . . . . . . .
Data are median (range) unless noted otherwise. Clinical cognitive impairment includes participants with a diagnosis of dementia or cognitively impaired

but not demented (CIND). Participants with dementia diagnosis, 4.3%; CIND diagnosis, 3.6%.
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