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Abstract.

Background: We have explored dementia’s blood-based protein biomarkers in the Texas Alzheimer’s Research and Care
Consortium (TARCC) study. Among them are adipokines, i.e., proteins secreted by adipose tissue some of which have been
associated with cognitive impairment.

Objective: To associate adipokines with dementia severity and replicate their association across cohorts and biofluids (serum
/plasma).

Methods: We used eight rationally chosen blood-based protein biomarkers as indicators of a latent variable, i.e., “Adipokines”.
We then associated that construct with dementia severity as measured by the latent dementia-specific phenotype “6” in
structural equation models (SEM). Significant factor loadings and Adipokines’ association with § were replicated across
biofluids in the Alzheimer’s Disease Neuroimaging Initiative (ADNI).

Results: Eight adipokine proteins loaded significantly on the Adipokines construct. Adipokines measured in plasma (ADNI)
or serum (TARCC) explained 24 and 70% of §’s variance, respectively. An Adipokine composite score, derived from the latent
variables, rose significantly across clinical diagnoses and achieved high areas under the receiver operating characteristic curve
(ROC/AUC) for discrimination of Alzheimer’s disease from normal controls (NC) or cases of mild cognitive impairment
(MCI) and between NC and MCI.

Conclusion: These results again suggest that SEM can be used to create latent biomarker classifiers that replicate across
samples and biofluids, and that a substantial fraction of dementia’s variance is attributable to peripheral blood-based protein
levels via the patterns codified in those latent constructs.
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INTRODUCTION

There is growing interest in the role obesity plays
in the pathogenesis of dementia and Alzheimer’s dis-
ease (AD). It has been proposed that adipose tissue
might contribute to cognitive impairment via sev-
eral mechanisms, including cerebrovascular disease,
alterations in brain structure, and by the release of
adipocytokines (i.e., “adipokines”) [1-3]. Obesity
and aging can lead to dysregulated adipokine release
[4].

We have associated the serum adipokine
adiponectin (APN) with dementia severity among
participants in the Texas Alzheimer’s Research and
Care Consortium (TARCC) [5]. Other adipokines
have been shown to mediate the unique effects of
age [6] and depressive symptoms [7] on dementia
severity. Serum resistin rises with dementia severity
and is elevated in “AD” cases identified as being
demented solely by depressive symptoms [8, 9]. That
adipokine also fully attenuates the unique 2.3-fold
risk of 5-year prospective mild cognitive impairment
(MCI) conversion to clinical “AD” associated with
symptoms of depression [10].

Dementia severity in those analyses was measured
by the latent dementia-specific phenotype “6’ (for
“dementia”). § is extracted from Spearman’s gen-
eral intelligence factor g [11] via confirmatory factor
analysis (CFA) in a structural equation model (SEM)
framework [12]. Our bifactor SEM model parses g
into two orthogonal (unrelated) fractions: 1) 4, i.e.,
“the psychometric correlates of functional status”,
and2) g’,i.e., residual variance in g that is empirically
unrelated to IADL [13].

8 can be “reified” as a composite ‘“d-score”
and applied to individuals as an omnibus dementia
severity metric, i.e., a dementia-specific phenotype.
Because g is thought to contribute to all cogni-
tive measures, it has proven feasible to construct §
from a wide range of batteries. This results in mul-
tiple d-score composites which comprise a set of §
“homologs”. In genetics, a homolog is a gene derived
from an ancestral gene and retaining the original’s
function. All § homologs published to date achieve
similarly strong correlations with dementia severity
[e.g., as measured by the Clinical Dementia Rating
Scale “Sum of Boxes” (CDR-SB)] [14] and high
areas under the receiver operating characteristic curve
(AUC/ROC) for the discrimination of various demen-
tias from normal controls (NC).

The two § homologs most relevant to this anal-
ysis are the ethnicity equivalent “dEQ” homolog

[15] and the “TARCC to the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI)” homolog,
“dT2A” [16]. dEQ was engineered to achieve fac-
tor equivalence in TARCC across Mexican-American
(MA) and non-Hispanic White (NHW) ethnici-
ties. Our first demonstration of APN’s association
with § was accomplished using dEQ [5]. How-
ever, we have recently replicated several other
blood-based TARCC biomarker findings in ADNI
using dT2A. TARCC and ADNI are both well-
characterized longitudinally-followed convenience
samples of community-dwelling elderly persons with
and without cognitive impairment [17, 18]. Their
cognitive batteries overlap substantially, and both
have deployed similar blood-based biomarker pan-
els processed by a common vendor [i.e., Rules Based
Medicine (RBM) of Austin, Texas].

Using dT2A, we have successfully replicated the
blood-based protein mediators of Age’s unique effect
on § [19], and inflammation’s age-independent asso-
ciation with § across cohorts and biofluids [20].
TARCC measures blood-based protein biomarkers in
serum, while ADNI measures them in plasma.

For the current analysis, we explore the associa-
tions between § and the several adipokines available
in TARCC and ADNI. Atleast 600 proteins have been
identified as putative “adipokines” [21]. However,
TARCC has data on eight, including APN, alpha 1
anti-trypsin (A1-AT), interleukin-1 receptor agonist
(IL-1ra), leptin (Leptin), monocyte chemoattractant
protein-1 (MCP-1), resistin (Resistin), tumor necro-
sis factor alpha (TNFa), and vascular endothelial
growth factor (VEGF). These have been measured
in serum in TARCC. All but IL-1ra are available
in plasma in ADNI. ADNI additionally has data on
plasma complement factor H (Complement H), which
is unavailable in TARCC. From these biomarkers,
we construct a latent “Adipokines” factor represent-
ing their integrated effect on 6 in TARCC. We then
replicate our findings in ADNI across cohorts and
biofluids.

MATERIALS AND METHODS

This is a secondary analysis of data collected by
TARCC and ADNI. We have previously replicated
other blood-based biomarkers as predictors of § in
these two cohorts using methods identical to those
employed in this analysis [19, 20]. These will be
briefly reviewed below.
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Subjects

Informed consent was obtained from all partici-
pants (or their legally authorized proxies) before data
collection, and both studies are approved by their
respective Institutional Review Boards (IRB).

ADNI

ADNI data used in the preparation of this
article were obtained from the ADNI database
(http://adni.loni.usc.edu). ADNI is a well charac-
terized longitudinal convenience sample developed
to validate magnetic resonance, positron emis-
sion tomography, cerebrospinal fluid, and genetic
biomarkers for use in AD clinical trials. The initial
5-year study, ADNI-1, enrolled cognitively normal,
MCI, and AD subjects, and the subsequent studies
(ADNI-GO and ADNI-2) added early- and late-MCI
cohorts. ADNI has provided a framework for similar
initiatives worldwide, including TARCC.

TARCC

TARCC is a longitudinally followed convenience
sample of elderly persons with AD (n=1,275),
MCI (n=723), or NC (n=1,445) (and 58 “others”)
recruited from five Texas medical schools. These cat-
egorical clinical diagnoses were established through
consensus. TARCC’s cohort is ethnically diverse and
includes both MA and NHW. However, ethnicity has
pronounced effects on serum protein biomarkers in
TARCC [14, 22, 23]. We therefore restricted this
analysis to NHW TARCC participants (N =2,213).

Clinical variables

dT2A, a § homolog for ADNI

dT2A’s construction has been recently described
[16]. Its cognitive indicators were limited to observed
measures that are common to both studies, includ-
ing the Boston Naming Test (BNT) [24], Category
Fluency (Animals) [25], L7gical Memory I (LMI)
and IT (LMII) [26], the Mini-Mental Status Examina-
tion (MMSE) [27], and Trial-Making Part B (TrailsB)
[28]. All are available in TARCC in Spanish transla-
tion.

dT2A’s target indicators

In TARCC, we used informant-rated IADL as
dT2A’s target indicator [29]. Unfortunately, IADL is
not available in ADNI, and so the Functional Assess-
ment Questionnaire (FAQ) [30] was used instead.

Observed clinical measures

Observed clinical measures are often used as
covariates or to provide external validation. The fol-
lowing measures are available in both TARCC and
ADNI.

Self (informant)-reported age, education, and gen-
der are self-explanatory. TARCC has a substantial
number of MA participants. However, there are no
racial distinctions in TARCC, and no reported racial
effects on plasma protein biomarkers in ADNI.

The Clinical Dementia Rating Scale “Sum of
Boxes” (CDR-SB) [14]: The CDR is used to
evaluate dementia severity. The rating assesses
the patient’s cognitive ability to function in six
domains—memory, orientation, judgment and prob-
lem solving, community affairs, home and hobbies
and personal care. Information is collected during
an interview with the patient and their caregiver
(15 min).

Geriatric Depression Scale (GDS): Depressive
symptoms were assessed in both studies by the GDS
[31, 32]. GDS scores range from zero-30. Higher
scores are worse. The GDS is valid in demented per-
sons [33].

Blood-based biomarkers

Blood-based biomarkers were processed in both
studies by a common vendor (Rules-Based Medicine
(RBM) in Austin, TX). RBM conducted multiplexed
immunoassay via their human multi-analyte profile
(human MAP). Biomarker processing methods have
been reported elsewhere [17-19].

Statistical analyses

The analysis was performed using Analysis of
Moment Structures (AMOS) software [34]. For this
analysis, a reflective latent variable (“Adipokines”)
was constructed in both TARCC and ADNI from the
eight adipokine biomarkers available in each study.
APN, A1-AT, leptin, MCP-1, resistin, TNFa, and
VEGF were available in both TARCC and ADNI.
Interleukin-1 receptor agonist (IL-1ra) was uniquely
available in TARCC. Complement H was uniquely
available in ADNI.

TARCC’s RBM biomarkers are known to exhibit
significant batch effects. We therefore adjusted
each TARCC biomarker with dichotomous dummy
variables coding batch. Batch adjustment was not
necessary in ADNI.
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Missing data

We used Full Information Maximum Likelihood
(FIML) methods to address missing data. FIML uses
the entire observed data matrix to estimate parame-
ters with missing data. In contrast to list wise or pair
wise deletion, FIML yields unbiased parameter esti-
mates, preserves the overall power of the analysis,
and is arguably superior to alternative methods, e.g.,
multiple imputation [35, 36].

Fit indices

The validity of structural models was assessed
using two common test statistics. A non-significant
chi-square signifies that the data are consistent with
the model [37]. However, the ratio of the chi-square
to the degrees of freedom in the model is also of
interest. A CMIN/DF ratio <5.0 suggests an ade-
quate fit to the data [38]. The comparative fit index
(CFI), with values ranging from between 0 and 1,
compares the specified model with a model of no
change [39]. CFI values below 0.95 suggest model
misspecification. Values of 0.95 or greater indicate
adequate to excellent fit. A root mean square error of
approximation (RMSEA) of 0.05 or less indicates a
close fit to the data, with models below 0.05 consid-
ered “good” fit, and up to 0.08 as “acceptable” [40].
All three fit statistics should be simultaneously con-
sidered to assess the adequacy of the models to the
data.

RESULTS

Descriptive statistics are presented in Table 1.
Cross-cohort differences exist for almost all the vari-
ables, consistent with case-mix and demographic
differences between two convenience samples. ADNI
appears to have a relatively high fraction of MCI
cases, which were recruited explicitly into ADNI-2
and ADNI-GO. TARCC has a much higher preva-
lence of MA participants. Education favors ADNI,
which has a slightly better mean MMSE score.
Tables 2 and 3 present the mean concentration
for each biomarker in serum (TARCC) and plasma
(ADNI) respectively. We lack access to the number of
outliers and samples below the limit of quantification.
However, the combined effects of both issues cannot
have been more than 3.5% [i.e., N =31/880 for TNFa
in TARCC (Table 2)] as all other biomarkers exhibit
less missingness. The batch-adjusted ADIPOKINES
construct was significantly associated with base-

Table 1
Descriptive statistics by sample
TARCC (NHW) ADNI
N=1913 N=1,668
N (%) N (%)

AD cases 1100 (49.7%) 327 (19.6%)
MCI cases 395 (17.8%) 940 (56%)
NC 718 (32.4%) 401 (24%)
Gender (%9) 1267 (57.2%) 738 (44.2%)
Ethnicity (%MA) 0% 0%

Mean (SD) Mean (SD)
Age 73.08 (8.97) 73.85(7.17)
Education 15.05 (2.78) 15.94 (2.82)
MMSE 25.18 (5.04) 27.18 (2.66)
Animals 14.29 (6.10) 17.17 (5.94)
BNT* 9.21 (4.18) 26.02 (4.50)
CDR-SB 3.13 (3.58) 1.62 (1.76)
GDS30 4.77 (4.06) 1.42 (1.39)
LMI 7.75 (4.37) 9.30 (4.83)
LMII 7.59 (4.71) 7.07 (5.32)
Trails B (s) 7.94 (4.10) 121.26 (74.87)

*TARCC uses 30 item BNT, ADNI uses 60 item BNT. **Scaled
score. fp>0.05; E p<0.001. ADNI, Alzheimer’s Disease Neu-
roimaging Initiative; Animals, Animal Naming; BNT, Boston
Naming Test; CDR-SB, Clinical Dementia Rating scale “Sum of
Boxes”; GDS, 30 item Geriatric Depression Scale; LMI, Wechsler
Logical Memory immediate recall; LMII, Wechsler Logical Mem-
ory delayed recall; MA, Mexican-American; MMSE, Mini-Mental
State Exam; SD, standard deviation; TARCC, Texas Alzheimer’s
Research and Care Consortium; Trails B, Trail Making Test Part
B. *Scaled scores.

Table 2
Descriptive statistics by diagnosis (TARCC NHW)

TARCC TARCC TARCC
NC MCI AD
N=718 N=395 N=1100
Mean (SD) Mean (SD) Mean (SD)
Gender (%+) N =459 (63.9%) N =205 (59.9) N=603 (54.8%)
Mean (SD) Mean (SD) Mean (SD)
Age 69.80 (8.81) 72.41 (8.53) 75.46 (8.50)
Education 15.59 (2.53) 14.91 (2.58) 14.75 (2.95)
MMSE 29.26 (0.97) 27.55(2.15) 21.68 (4.87)
Animals 19.59 (3.75) 15.78 (5.51) 10.29 (4.43)
BNT* 12.36 (3.11) 9.96 (3.43) 6.88 (3.55)
CDR-SB 0.011 (0.08) 1.33 (0.98) 5.82(3.28)
GDS30 3.31(3.19) 5.54 (4.43) 5.45 (4.18)
LMI 12.28 (2.63) 8.42 (3.00) 4.55(2.62)
LMII 12.67 (2.66) 8.33(3.22) 4.00 (2.52)
Trails B (s) 11.32 (2.52) 9.12 (3.03) 5.31(3.39)

*TARCC uses 30 item BNT. **Scaled score.

line body mass index (BMI) in TARCC (r=-0.09,

p=0.002). BMI was not available to us in ADNI.
TARCC’s model had excellent fit [ x2 = 569.2 (86),

p<0.001; CFI=0.98; RMSEA =0.05] (Fig. 1). All
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Fig. 1. Adipokine’s Association with § in TARCC (NHW)/Serum. A1-AT, alpha 1 anti-trypsin; Animals, Animal Naming; APN, adiponectin;
BNT, Boston Naming Test; CHI QS, Chi Square; CFI, Comparative Fit Index; IADL, Instrumental Activities of Daily Living; IL-1ra,
interleukin-1 receptor agonist; LMI, Wechsler Logical Memory immediate recall; LMII, Wechsler Logical Memory delayed recall; MCP-
1, monocyte chemoattractant protein-1; MMSE, Mini-Mental State Exam; RMSEA, Root Mean Square Evaluative Assessment; TARCC,
Texas Alzheimer’s Research and Care Consortium; TNFa, tumor necrosis factor alpha; Trails B, Trail-Making Test part B; VEGF, vascular

endothelial growth factor.
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Fig. 2. Adipokine’s Association with § in ADNI/Plasma. A1-AT, alpha 1 anti-trypsin; ADNI, Alzheimer’s Neuroimaging Initiative; Animals,
Animal Naming; APN, adiponectin; BNT, Boston Naming Test; CHI QS, Chi Square; CFI, Comparative Fit Index; FAQ, Functional Activities
Questionnaire; IL-1ra, interleukin-1 receptor agonist; LMI, Wechsler Logical Memory immediate recall; LMII, Wechsler Logical Memory
delayed recall; MCP-1, monocyte chemoattractant protein-1; MMSE, Mini-Mental State Exam; RMSEA, Root Mean Square Evaluative
Assessment; TNFa, tumor necrosis factor alpha; Trails B, Trail-Making Test part B; VEGF, vascular endothelial growth factor.

proteins except TNFa (r=0.03, p=0.10) loaded
significantly on the Adipokine construct ranging
from Leptin (r=0.06, p <0.05) to Resistin (r=0.51,
p<0.001). Leptin, Resistin, and VEGF loaded posi-
tively on the Adipokine construct which was strongly
(r=0.86,p <0.001) and positively (adversely) associ-
ated with dT2A. The remaining proteins, measured in

serum, had inverse loadings on Adipokines suggest-
ing a moderating effect on dT2A via that construct.
Adipokines explained 70% of dT2A’s variance in
TARCC. If, on the other hand, the same biomark-
ers are regressed as observed variables onto dT2A in
a multivariate regression model, fit suffers, only 40%
of &’s variance is explained, and Leptin does not have
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Fig. 3. Cross-Group Differences in Serum Adipokine Scores (TARCC NHW)*. *Standardized values. AD, Alzheimer’s disease; MCI, mild
cognitive impairment; NC, normal controls, TARCC, Texas Alzheimer’s Research and Care Consortium.
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Fig. 4. Cross-Group Differences in Plasma Adipokine Scores (ADNI)*. *Standardized values. AD, Alzheimer’s Disease; ADNI, Alzheimer’s
Disease Neuroimaging Initiative; MCI, mild cognitive impairment; NC, normal controls.

a significant effect independent of the other proteins
(data not shown).

The ADNI model also fit well [x2=160.4 (73),
p<0.001; CFI=0.99; RMSEA =0.03] (Fig. 2). The
eight proteins, now measured in plasma, had signif-
icant loadings on Adipokines which was moderately
associated with dT2A (r=0.49, p<0.001). and
explained 24% of dT2A’s variance. The direction of
their association was again positive, consistent with
an adverse effect. All the biomarkers loaded posi-

tively on Adipokines. If, on the other hand, the same
biomarkers are again regressed onto dT2A in a mul-
tivariate regression model, fit suffers, only 9% of §’s
variance is explained, and APN, MCI-1 and TNFa do
not have significant effects independent of the other
proteins (data not shown).

Tables 6 and 7 present the results of ROC analyses
in TARCC/serum and ADNI/plasma, respectively.
The Adipokines composite rose significantly across
diagnoses in both samples/biofluids, and distin-
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Fig. SA-C. AUCs for Clinical Diagnoses by Adipokines (TARCC NHW /serum). AD, Alzheimer’s disease; ADNI, Alzheimer’s Disease
Neuroimaging Initiative; AUC, area under the curve; MCI, mild cognitive impairment; NC, normal controls.

guished AD and MCI from NC and from each other
(Figs. 3, 4).

In TARCC/serum, the Adipokines construct
achieved high AUC for AD’s discrimination from NC
(AUC=0.98) and MCI (AUC=0.90) (Fig. SA-C).
Adipokines was less accurate in distinguishing NC
from MCI, but still achieved AUC=0.81, sensitiv-
ity =0.64, specificity =0.87). Similar results were
achieved in ADNI /plasma (Fig. 6A-C).

DISCUSSION

This is our third replication of biomarker findings
across these cohorts and biofluids and our second
demonstration of latent biomarker constructs as pre-
dictors of dementia severity [19, 20]. The advantages
of performing this replication by latent factor anal-
yses in SEM are numerous. As latent constructs,
Adipokines and dT2A are continuously distributed
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and relatively free of non-systematic measurement
bias. Both characteristics increase our power to detect
effects, while the latter also improves our ability to
replicate effects across cohorts and biofluids.

Each of the proteins we have considered have
been associated with adiposity [21]. Most have been
associated with cognitive impairment and clinical
AD [8, 41-44]. Observed serum A1-AT, APN, Il-
1ra, MCP-1, resistin, TNF-a, and VEGF levels have

been specifically associated with § [5-7, 45]. How-
ever, as indicators of a latent variable, these nine
proteins share variance which is related to dementia-
severity, as measured by dT2A. This suggests that
they are acting in concert to achieve their effects,
rather than as independent agents of cognitive change.
Thus, the latent Adipokines construct may encode
the actions of an integrated process or network. The
INFLAMMATION construct we recently replicated
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Table 3
Descriptive Statistics by Diagnosis (ADNI)
ADNI ADNI ADNI
NC MCI AD
N=401 N=940 N=327
Mean (SD) Mean (SD) Mean (SD)
Gender (%+) N =195 (48.6%) N=397 (42.2%) N =146 (44.6%)
Mean (SD) Mean (SD) Mean (SD)
Age 74.83 (5.71) 73.02 (7.42) 75.04 (7.75)
Education 16.31 (2.74) 16.02 (2.79) 15.25(2.92)
MMSE 29.07 (1.11) 27.75 (1.80) 23.22 (2.05)
Animals 20.63 (5.55) 17.41 (5.20) 12.21(5.02)
BNT* 27.99 (2.60) 26.49 (3.66) 22.25(6.09)
CDR-SB 0.03 (0.13) 1.35 (0.945) 4.33 (1.64)
GDS30 0.76 (1.13) 1.62 (1.40) 1.64 (1.43)
LMI 13.99 (3.26) 9.10 (3.92) 4.11 (2.80)
LMII 13.17 (3.33) 6.44 (4.10) 1.39 (1.90)
Trails B (s) 85.90 (43.76) 112.74 (64.41) 189.11 (89.42)

* ADNI uses 60 item BNT. **Scaled score.

Table 4
Biomarker Means in Serum (TARCC NHW) (unstandardized)
N Minimum Maximum Mean SD

Adiponectin (APN)** 415 0.52 18.00 6.79 3.83

Alpha 1 antitrypsin (A1AT)** 404  0.14 3.60 1.66 0.66

Interleukin 1 receptor agonist (IL1ra)* 413 3.05 406.00  101.92 66.11

Leptin™*** 410 0.48 77.00 17.88 1595

Macrophage colony protein 1(MCP-1)*** 412 920 901 432.66 157.38

Resistin™*** 420 0.14 5.30 1.83 1.05

TNF alpha (TNFa)*** 396 1.50 57.00 13.63  10.89

Vascular endothelial growth factor (VEGF)*** 416 72.0 2610 1053.65 463.17

Valid N (listwise) 339

*mg/ml; **wg/ml; **pg/ml; ****ng/ml.

Table 5
Biomarker Means in Plasma (ADNI) (unstandardized)
N Minimum Maximum Mean SD

Adiponectin (APN)** 547 -0.022 1.50 0.75 0.25
Alpha 1 antitrypsin (A1AT)* 547 0.079 0.69 0.43 0.09
Complement H** 547 781.00 7990.00 3659.44 1183.55
Leptin™*** 547 -0.82 1.99 0.94 0.41
Macrophage colony protein 1(MCP-1)*** 547 1.20 3.75 2.17 0.20
Resistin®*** 547 -0.22 1.23 0.49 0.15
TNF alpha (TNFa)*** 547 0.11 1.98 0.84 0.27
Vascular endothelial growth factor (VEGF)*** 547 2.49 3.68 2.79 0.12
Valid N (listwise) 547

*mg/ml; ** wg/ml; **pg/ml; ****ng/ml.

across these same cohorts by an identical approach
[20] was constructed from a set of proteins we had
previously associated with § as independent predic-
tors in regression models [23] but were later found
to be linked by their networked genetic associations
with IL-10 [46]. It is not clear how the current ad
hoc panel of adipokines might be linked, aside from
their prior associations with adipose tissue. Regard-
less, their strong association with dementia severity
via a latent construct implies a coordinated effect on

cognitive function generally, and on intelligence in
particular.

However, over 600 putative “adipokines” have
been identified, most of which are not available in
TARCC [21]. It is an empirical question whether they
all load on a single omnibus “Adipokine” factor or
might be arrayed across several competing factors
representing subsets of the “adpokinome”. If so, then
it also becomes an empirical question how such fac-
tors relate to each other, to dementia severity, and/or
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Table 6 Table 7
ROC Analyses (TARCC NHW) ROC analyses (ADNI)
AD versus NC AD versus NC
Area under the ROC curve (AUC) 0.979 Area under the ROC curve (AUC) 0.936
Standard Error 0.003 Standard Error 0.012
95% Confidence interval 0.971 to 0.985 95% Confidence interval 0.916 to 0.953
z statistic 152.627 Z statistic 37.188
Significance level p (Area=0.5) <0.001 Significance level p (Area=0.5) <0.001
Youden index Youden index
Youden index J 0.879 Youden index J 0.878
Associated criterion >-0.338 Associated criterion >-0.024
Sensitivity 95.09 Sensitivity 94.50
Specificity 92.76 Specificity 93.27
AD versus MCI AD versus MCI
Area under the ROC curve (AUC) 0.900 Area under the ROC curve (AUC) 0.871
Standard Error 0.008 Standard Error 0.012
95% Confidence interval 0.884 t0 0.915 95% Confidence interval 0.851 to 0.889
z statistic 48.323 z statistic 30.534
Significance level p (Area=0.5) <0.001 Significance level p (Area=0.5) <0.001
Youden index Youden index
Youden index J 0.655 Youden index J 0.674
Associated criterion >0.070 Associated criterion >0.125
Sensitivity 80.45 Sensitivity 88.38
Specificity 85.06 Specificity 79.04
MCI versus NC MCI versus NC
Area under the ROC curve (AUC) 0.805 Area under the ROC curve (AUC) 0.706
Standard Error 0.015 Standard Error 0.015
95% Confidence interval 0.780 to 0.828 95% Confidence interval 0.681 to 0.730
Z statistic 21.085 z statistic 14.038
Significance level p (Area=0.5) <0.001 Significance level p (Area=0.5) <0.001
Youden index Youden index
Youden index J 0.503 Youden index J 0.407
Associated criterion >-0.469 Associated criterion >-0.191
Sensitivity 63.54 Sensitivity 63.62
Specificity 86.77 Specificity 77.06

to other clinical conditions impacting the brain and/or
other organs.

Figures 3 and 4 suggest that the mean Adipokine
score rises with dementia severity, whether measured
in serum or in plasma. They do not necessarily sug-
gest thatany individual adipokine concentrations rise.
The proteins’ observed concentrations vary widely
across cohorts (because of the case-mix and demo-
graphic differences revealed in Table 1), and across
biofluids (Tables 2 and 3). Moreover, they vary in the
strength and valence of their individual loadings on
the Adipokine construct, depending on the sample
and biofluid. Some adipokines load inversely on the
Adipokine construct and their levels may fall as the
Adipokine construct rises.

Moreover, the Adipokine construct explains but a
fraction of the variance of any individual observed
biomarker. It is an empirical question whether a
biomarker’s residual variance, having been adjusted

for Adipokines, is independently associated with
dementia severity (i.e., dT2A), with residual variance
in 6-adjusted cognitive performance, or possibly even
with the clinical effects of Adipokines in other organ
systems, if any. Such questions might be approached
in SEM through Multiple Mediator Multiple Causes
(MIMIC) models [47].

Regardless, the relationships shared by these eight
proteins appear stable across cohorts and biofluids.
This conclusion is supported by their significant asso-
ciations with dT2A across cohorts and biofluids,
and by their similar ROC findings. Here again, our
results should be interpreted cautiously. Plasma APN
has been shown to be higher in women with CNS
amyloidosis in ADNI [48], while serum APN has
been associated with § in TARCC [5]. However, it
remains to be determined how either the Adipokines
or the INFLAMMATION construct relate either
to each other or to AD-specific neuroimaging or
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cerebrospinal fluid biomarkers. Nevertheless, these
questions are approachable cross-sectionally and lon-
gitudinally in ADNI and will be so in TARCC as it is
collecting similar biomarkers at present.

A recent meta-analysis has revealed that bariatric
surgery has significant effects on the circulating lev-
els of multiple adipokines [49]. APN levels increased,
while leptin and PAI-1 levels decreased. Resistin lev-
els were unchanged. This might be consistent with a
salutary effect on the Adipokines construct, which is
inversely indicated by APN versus Leptin (and PAI-
1; DRR unpublished), weakly associated with resistin
in ADNI, and insignificantly indicated by resistin (in
TARCC).

Regardless, it is interesting that the effects of
age, the apolipoprotein E &4 allele, and depressive
symptoms are themselves mediated by yet other
blood-based biomarkers [6, 7, 45]. Their aggregate
ten-fold 5-year prospective MCI conversion risk in
TARCC can be completely attenuated by only five
serum proteins [10]. This suggests that a large fraction
of the variance in dementia severity can be explained
by easily acquired blood-based protein biomarkers
measured in serum or plasma and offers hope for
diagnosis by their assessment and treatment by their
modulation.

Because so many adipokines have been identified
[21], itis anticipated that the Adipokine classifier may
be modified over time to include other blood-based
adipokine biomarkers not now available in TARCC
and/or ADNI. If so, then the new classifier(s), being
indicated by additional proteins, will have to be reval-
idated as above.

In summary, by SEM we replicate once again the
latent interactions of multiple blood-based protein
biomarkers across cohorts and biofluids. We can now
explain the majority of variance in dementia sever-
ity by blood-based protein biomarkers measured in
serum or plasma. The mechanisms by which these
proteins exert these effects are still unclear. Moreover,
as they are acting via a latent construct, their interre-
lationships may be as important to dementia severity
as their observed concentrations, and possibly even
more important.

ACKNOWLEDGMENTS

Some data used in preparation of this article
were obtained from the Alzheimer’s Dis-
ease Neuroimaging Initiative (ADNI) database
(http://adni.loni.usc.edu). ADNI had no role in study
design, data collection and analysis, decision to

publish, or preparation of the manuscript. How-
ever, ADNI investigators contributed to the design
and implementation of ADNI and/or provided
data. A complete listing of ADNI investigators
can be found at: http://adni.loni.usc.edu/wp-
content/uploads/how _to_apply/ADNI_Acknowledge
ment_List.pdf.

Some data used in preparation of this article
were collected through funding provided to the
Texas Alzheimer’s Research and Care Consortium
by the Darrell K Royal Texas Alzheimer’s Initiative,
directed by the Texas Council on Alzheimer’s Dis-
ease and Related Disorders. The funders had no role
in study design, data collection and analysis, decision
to publish, or preparation of the manuscript.

Texas Alzheimer’s Research and Care Consortium
List of Investigators:

Investigators from the Texas Alzheimer’s Research
and Care Consortium: Investigators from the Texas
Alzheimer’s Research and Care Consortium: Bay-
lor College of Medicine: Valory Pavlik PhD, Paul
Massman PhD, Eveleen Darby MA/MS, Monica
Rodriguear MA, Aisha Khaleeq Ansari MD; Texas
Tech University Health Sciences Center: John C.
DeToledo MD, Hemachandra Reddy PhD, Henrick
Wilms MD, PhD, Kim Johnson PhD, Victoria Perez;
University of North Texas Health Science Center:
Thomas Fairchild PhD, Janice Knebl DO, Sid E.
O’Bryant PhD, James R. Hall PhD, Leigh John-
son PhD, Robert C. Barber PhD, Douglas Mains
DrPH, Lisa Alvarez; University of Texas South-
western Medical Center: Munro Cullum PhD, Roger
Rosenberg MD, Benjamin Williams MD, PhD, Mary
Quiceno MD, Joan Reisch PhD, Linda S. Hynan PhD,
Ryan Huebinger PhD, Janet Smith, Trung Nguyen
MD, PhD; University of Texas Health Science Cen-
ter — San Antonio: Donald Royall MD, Raymond
Palmer PhD, Marsha Polk; Texas A&M University
Health Science Center: Alan Stevens PhD, Marcia
Ory PhD/MPH; University of Texas at Austin/Dell
Medical School: David Paydarfar MD, John Bertel-
son MD, Martin Woon PhD, Gayle Ayres DO; Alyssa
Aguirre LCSW; University of North Carolina: Kirk
C. Wilhelmsen MD, PhD, Jeffrey L. Tilson PhD.

FUNDING

The authors received no specific funding for this
work. Dr. Royall’s effort is supported by the Julia
and Vann Buren Parr endowment for his research in
Alzheimer’s disease.


http://adni.loni.usc.edu
http://adni.loni.usc.edu/wp-content/uploads/how_to_apply/ADNI_Acknowledgement_List.pdf

D.R. Royall and R.F. Palmer / Adipokines and Dementia 651

CONFLICT OF INTEREST

Drs. Royall and Palmer have disclosed their co-
invention of §, its homologs and orthologs, and of
their Adipokine construct to the University of Texas
Health Science Center at San Antonio, which in
turn holds a patent relating to the use of a partially
overlapping set of é-related blood-based biomarkers
as predictors of Mild Cognitive Impairment (MCI)
in non-Hispanic whites (U.S. Patent 13/943,654:
“A Serum Biomarker Screen for the Diagnosis of
Clinical and Pre-clinical Alzheimer’s Disease in Non-
Hispanic Populations”). There are no other patents,
products in development or marketed products to
declare.

Donald Royall is an Editorial Board Member of
this journal but was not involved in the peer-review
process nor had access to any information regarding
its peer-review.

DATA AVAILABILITY

This is a secondary analysis of deidenti-
fied data. TARCC and ADNI data are available
to qualified investigators. Requests for ADNI
data should be made to http://adni.loni.usc.edu.
Requests for TARCC data should be made through
https://www.txalzresearch.org/research/.

REFERENCES

[1] Gustafson D (2006) Adiposity indices and dementia. Lancet
Neurol 5, 713-720.

[2] Gustafson D (2008) A life course of adiposity and dementia.
Eur J Pharmacol 585, 163-175.

[3] Gustafson D (2010) Adiposity hormones and dementia. J
Neurol Sci 299, 30-34.

[4] Kiliaan A, Arnoldussen IA, Gustafson DR (2014)
Adipokines: A link between obesity and dementia. Lancet
Neurol 13, 913-923.

[5] Benavente KSK, Palmer R, Royall DR (2020) Serum
Adiponectin is related to dementia. J Gerontol A Biol Sci
Med Sci 75, 779-783.

[6] Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF (2016)
Serum protein mediators of dementia and aging proper.
Aging 8, 3241-3254.

[71 Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF (2017)
Serum protein mediators of depression’s association with
dementia. PLoS One 12, ¢0175790.

[8] Kizilarslanoglu MC, Kara 0, Yesil Y, Kuyumcu ME, Oztiirk
ZA, Cankurtaran M, Rahatli S, Pakasticali N, Cinar E,
Halil MG, Sener B, Cankurtaran ES, Ariogul S (2015)
Alzheimer disease, inflammation, and novel inflammatory
marker: Resistin. Turk J Med Sci 45, 1040-1046.

[9] Royall DR, Palmer RF (2019) Selection for depression-
specific dementia cases with replication in two cohorts.
PLoS One 14, €0216413.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

(27]

[28]

Royall DR, Palmer RF (2020) §-related biomarkers mediate
multiple AD conversion risks and offer targets for interven-
tion. J Gerontol A Biol Sci Med Sci 75, 2177-2183.
Spearman C (1904) General intelligence, objectively deter-
mined and measured. Am J Psychol 15, 201-293.
Bornovalova MA, Choate AM, Fatimah H, Petersen KJ,
Wiernik BM (2020) Appropriate use of bifactor analysis in
psychopathology research: Appreciating benefits and limi-
tations. Biol Psychiatry 88, 18-27.

Royall DR, Palmer RF (2014) “Executive functions” cannot
be distinguished from general intelligence: Two variations
on a single theme within a symphony of latent variance.
Front Behav Neurosci 9, 369.

Hughes CP, Berg L, Danziger WL, Coben LA, Martin RL
(1982) A new clinical scale for the staging of dementia. Br
J Psychiatry 140, 566-572.

Royall DR, Palmer RF (2016) Thrombopoietin is associ-
ated with §°s intercept, and only in Non-Hispanic Whites.
Alzheimers Dement (Amst) 3, 35-42.

Royall DR, Palmer RF (2019) A § homolog for dementia
case finding with replication in ADNI. J Alzheimers Dis 67,
67-79.

Waring S, O’Bryant SE, Reisch JS, Diaz-Arrastia R, Knebl
J, Doody R, for the Texas Alzheimer’s Research Consor-
tium (2008) The Texas Alzheimer’s Research Consortium
longitudinal research cohort: Study design and baseline
characteristics. Texas Pub Health J 60, 9-13.

Weiner MW, Veitch DP (2015) Introduction to special issue:
Overview of Alzheimer’s Disease Neuroimaging Initiative.
Alzheimers Dement 11, 730-733.

Royall DR, Palmer RF; Alzheimer’s Disease Neuroimaging
Initiative (2020) Blood-based protein mediators of senility
with replications across biofluids and cohorts. Brain Com-
mun 2, fcz036.

Royall DR, Bishnoi R, Palmer RF (2019) Blood-based
protein predictors of dementia severity as measured by
8: Replication across biofluids and cohorts. Alzheimers
Dement 11, 763-774.

Lehr S, Hartwig S, Sell H (2012) Adipokines: A treasure
trove for the discovery of biomarkers for metabolic disor-
ders. Proteomics Clin Appl 6, 91-101.

O’Bryant SE, Xiao G, Edwards M, Devous M, Gupta
VB, Martins R, Zhang F, Barber R (2013) Biomark-
ers of Alzheimer’s disease among Mexican Americans. J
Alzheimers Dis 34, 841-849.

Royall DR, Palmer RF (2015) Ethnicity moderates demen-
tia’s biomarkers. J Alzheimers Dis 43, 275-287.

Kaplan EF, Goodglass H, Weintraub S (1983) The Boston
Naming Test. Experimental edition. Kaplan & Goodglass,
Boston, 2nd ed; Lea & Febiger, Philadelphia.

Moms JC, Heyman A, Mohs RC, Hughes JP, van
Belle G, Fillenbaum G, Mellits ED, Clark C (1989)
The Consortium to Establish a Registry for Alzheimer’s
Disease (CERAD). Part 1. Clinical and neuropsycholog-
ical assessment of Alzheimer’s disease. Neurology 39,
1159-1165.

Wechsler D (1997) Wechsler Memory Scale. 3rd ed. The
Psychological Corporation, San Antonio, TX.

Folstein MF, Folstein SE, McHugh PR (1975) Mini-
mental state: A practical method for grading the cognitive
state of patients for the clinician. J Psychiatry Res 12,
189-198.

Reitan RM (1958) Validity of the Trail Making test as an
indicator of organic brain damage. Percept Mot Skills 8,
271-276.


http://adni.loni.usc.edu
https://www.txalzresearch.org/research/

652

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

D.R. Royall and R.F. Palmer / Adipokines and Dementia

Lawton MP, Brody EM (1969) Assessment of older people:
Self-maintaining and instrumental activities of daily living.
Gerontologist 9, 179-186.

Pfeffer RI, Kurosaki TT, Harrah CH, Chance JM, Filos S
(1982) Measurement of functional activities in older adults
in the community. J Gerontol 37, 323-329.

Sheikh JI, Yesavage JA (1986) Geriatric Depression Scale
(GDS): Recent evidence and development of a shorter ver-
sion. Clin Gerontologist 5, 165-173.

Maixner SM, Burke WJ, Roccaforte WH, Wengel SP, Pot-
ter JF (1995) A comparison of two depression scales in
a geriatric assessment clinic. Am J Geriatr Psychiatry 3,
60-67.

Burke WJ, Houston MJ, Boust SC, Roccaforte WH (1989)
Use of the Geriatric Depression Scale in dementia of the
Alzheimer type. J Am Geriatr Soc 37, 856-860.

Arbuckle JL (2006) Analysis of Moment Structures-AMOS
(Version 7.0) [Computer Program]. SPSS, Chicago.
Schafer JL, Graham JW (2002) Missing data: Our view of
the state of the art. Psychol Methods 7, 147-177.

Graham JW (2009) Missing data analysis: Making it work
in the real world. Ann Rev Psychol 6, 549-576.

Bollen KA, Long JS (1993) Testing Structural Equation
Models. Sage Publications, Thousand Oaks, CA.

Wheaton B, Muthén B, Alwin DF, Summer GF (1977)
Assessing reliability and stability in panel models. In
Sociology Methodology, Heise DR, ed. Jossey-bass, San
Francisco, CA.

Bentler PM (1990) Comparative fit indexes in structural
models. Psychol Bull 107, 238-246.

Browne M, Cudeck R (1993) Alternative ways of assessing
model fit. In Testing Structural Equation Models, Bollen
KA, Long JS, eds. Sage Publications, Thousand Oaks, CA,
pp. 136-162.

Johnston JM, Hu WT, Fardo DW, Greco SJ, Perry G, Mon-
tine TJ, Trojanowski JQ, Shaw LM, Ashford JW, Tezapsidis
N; Alzheimer’s Disease Neuroimaging Initiative (2014)
Low plasma leptin in cognitively impaired ADNI subjects:
Gender differences and diagnostic and therapeutic potential.
Curr Alzheimer Res 11, 165-174.

Alvarez XA, Alvarez I, Aleixandre M, Linares C, Mure-
sanu D, Winter S, Moessler H (2018) Severity-related
increase and cognitive correlates of serum VEGF levels in
Alzheimer’s disease ApoE4 carriers. J Alzheimers Dis 63,
1003-1013.

Italiani P, Puxeddu I, Napoletano S, Scala E, Melillo D,
Manocchio S, Angiolillo A, Migliorini P, Boraschi D, Vitale
E, Di Costanzo A (2018) Circulating levels of IL-1 fam-
ily cytokines and receptors in Alzheimer’s disease: New
markers of disease progression? J Neuroinflammation 15,
342.

[44]

[45]

[46]

[47]

(48]

[49]

Morgan AR, Touchard S, Leckey C, O’Hagan C, Nevado-
Holgado AJ; NIMA Consortium, Barkhof F, Bertram L, Blin
0, Bos I, Dobricic V, Engelborghs S, Frisoni G, Frolich L,
Gabel S, Johannsen P, Kettunen P, Kloszewska I, Legido-
Quigley C, Lleé A, Martinez-Lage P, Mecocci P, Meersmans
K, Molinuevo JL, Peyratout G, Popp J, Richardson J, Sala
1, Scheltens P, Streffer J, Soininen H, Tainta-Cuezva M,
Teunissen C, Tsolaki M, Vandenberghe R, Visser PJ, Vos
S, Wahlund LO, Wallin A, Westwood S2, Zetterberg H,
Lovestone S, Morgan BP; Annex: NIMA-Wellcome Trust
Consortium for Neuroimmunology of Mood Disorders and
Alzheimer’s Disease (2019) Inflammatory biomarkers in
Alzheimer’s disease plasma. Alzheimers Dement 15, 776-
787.

Royall DR, Al-Rubaye S, Bishnoi R, Palmer RF (2017) Few
serum proteins mediate APOE’s association with dementia.
PLo0S One 12, e0172268.

Acuner-Ozbabacan ES, Engin BH, Guven-Maiorov E, Kuzu
G, Muratcioglu S, Baspinar A, Chen Z, Van Waes C, Gursoy
A, Keskin O, Nussinov R (2014) The structural network
of Interleukin-10 and its implications in inflammation and
cancer. BMC Genomics 15(Suppl 4), S2.

Proitsi P, Hamilton G, Tsolaki M, Lupton M, Daniilidou
M, Hollingworth P, Archer N, Foy C, Stylios F, McGuin-
ness B, Todd S, Lawlor B, Gill M, Brayne C, Rubinsztein
DC, Owen M, Williams J, Craig D, Passmore P, Lovestone
S, Powell JF (2011) A Multiple Indicators Multiple Causes
(MIMIC) model of behavioural and psychological symp-
toms in dementia (BPSD). Neurobiol Aging 32, 434-442.
Wennberg AM, Gustafson D, Hagen CE, Roberts RO,
Knopman D, Jack C, Petersen RC, Mielke MM (2016)
Serum adiponectin levels, neuroimaging, and cognition in
the Mayo Clinic Study of Aging. J Alzheimers Dis 53, 573-
581.

Askarpour M, Alizadeh S, Hadi A, Symonds ME, Miragha-
jani M, Sheikhi A, Ghaedi E (2020) Effect of bariatric
surgery on the circulating level of adiponectin, chemerin,
plasminogen activator inhibitor-1, leptin, resistin, and vis-
fatin: A systematic review and meta-analysis. Horm Metab
Res 52, 207-215.



