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Introduction: We tested how tube types (ethylenediaminetetraacetic acid [EDTA],

E-mail: nicholas.ashton@gu.se blood biomarkers for Alzheimer’s disease (AD) pathophysiology, glial activation, and
neuronal injury.

Methods: Amyloid beta (AB)42, AB40, phosphorylated tau181 (p-tau181), glial fibril-
lary acidic protein, total tau (t-tau), neurofilament light, and phosphorylated neurofila-
ment heavy protein were measured using single molecule arrays.

Results: LiHep demonstrated the highest mean value for all biomarkers. Tube types
were highly correlated for most biomarkers (r > 0.95) but gave significantly differ-
ent absolute concentrations. Weaker correlations between tube types were found for

AB42/40 (r = 0.63-0.86) and serum t-tau (r = 0.46-0.64). Freeze-thaw cycles highly
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1 [ INTRODUCTION

The development of biomarkers that are useful for detecting neu-
rodegenerative diseases, tracking disease progression, and predict-
ing prognosis have become a high priority. To accelerate clinical tri-
als, there is also a need for biomarkers that provide information on
target-engagement or toxicity of the drugs tested and, importantly,
biomarkers that could be used as surrogate markers.! Currently, there
are excellent and highly specific cerebrospinal fluid (CSF) and positron
emission tomography (PET)-based biomarkers to detect Alzheimer’s
disease (AD) pathophysiology. 2-* Both CSF and PET biomarkers are
widely used in research and clinical practice, but they have some limi-
tations that will restrict their broader implementation. CSF is obtained
by lumbar puncture, which may be regarded as complicated and time
consuming, and can, in a minority of patients, be associated with mild
headache.>¢ PET biomarkers are expensive and require specialized
equipment, which are not widely accessible, and it involves radiation
exposure. In recent years, there has been a considerable step forward
in the identification and development of blood-based biomarkers for
AD and, to a lesser extent, for other neurodegenerative diseases.” The
development of these blood biomarkers was previously hampered by
technical difficulties, including their low concentration, lack of repro-
ducibility of the measurement, or matrix effects. Compared to CSF
and PET, blood biomarkers are more time- and cost-efficient, minimally
invasive, allow repeated sampling, and are more accepted by patients
and research participants.®

The most advanced blood biomarkers are neurofilament light chain
(NfL), phosphorylated tau (p-tau), amyloid beta (AB), and glial fibril-
lary acidic protein (GFAP). NfL is a general and dynamic biomarker for

9-12 and is now available in clinical laboratory prac-

neurodegeneration,
tice in countries like Sweden, France, and the Netherlands. In addi-
tion to being a tool in the evaluation of neurodegenerative disorders,
plasma NfL can act as a highly accurate predictor of neurological out-
come after acute neurological injury.®14 The less studied phospho-
rylated neurofilament heavy protein (pNfH) is also increased in sev-
eral neurodegenerative disorders,” in particular amyotrophic lateral
sclerosis.’>1¢ A recent major breakthrough in the AD field has been
the development of blood p-tau as a highly specific marker for AD.

Blood p-tau phosphorylated at site 181 (p-tau181) can discriminate

influenced levels of serum AB and t-tau (P < .0001), and minor decreases in EDTA AB40
and EDTA p-tau181 were found after freeze-thaw cycle 4 (P < .05).

Discussion: The same tube type should be used in research studies on blood biomark-
ers. Individual concentration cut-offs are needed for each tube type in all tested
biomarkers despite being highly correlated. Serum should be avoided for Ag42, A40,
and t-tau. Freeze-thaw cycles > 3 should be avoided for p-tau181.

amyloid beta, biomarkers, blood, citrate, ethylenediaminetetraacetic acid, glial fibrillary acidic
protein, lithium heparin, neurofilament light, phosphorylated tau, pre-analytics, serum

symptomatic AD from other neurological disease and healthy con-
trols, and between A PET-positive and -negative individuals in dif-
ferent stages of the AD continuum.’-23 Likewise, p-tau phosphory-
lated at site 217 (p-tau217) and 231 (p-tau231) detect AD with high
accuracy.24-26 Blood total tau (t-tau), in its current format, has shown

little promise for neurodegenerative disorders2327.28

as a poor cor-
relation exists with t-tau in CSF.2” Concentrations of t-tau in blood
increases rapidly after hypoxic brain injury and demonstrates a bipha-
sic release into the bloodstream.2?30 This release results in a pri-
mary (hours) and secondary (days) peaks in which the latter is pre-
dictive of neurological outcome.®° Blood AB has been measured using
both ultrasensitive immunoassays3132 and mass spectrometry-based
methods.®334 These studies have shown that blood AB42 and/or the
AB42/AB40 ratio correlates with those in the CSF and with A PET
and can discriminate AB-positive individuals from those who are Ag-
negative. However, the different technologies to measure blood AB
have a poor correlation between them and it warrants further inves-
tigation to clarify whether these methods are measuring different Ag
pools or there are other technical issues involved. Finally, GFAP is a
glial protein with central nervous system-selective expression. It has
traditionally been used as a CSF marker of astrogliosis and/or astro-
cytic injury but can now be reliably measured in blood with ultrasensi-
tive immunoassays. Blood GFAP increases after acute neuronal injury
due to stroke or traumatic brain injury3>-3¢
than blood NfL and, after peaking, it rapidly decreases. Blood GFAP

also increases in other neurodegenerative disease like AD, likely in
23,32,37

and increases more quickly

response to AB pathology and, particularly in frontotemporal

dementiaZ® due to progranulin (PGNR) mutations.32

This multitude of work demonstrates the broad potential of blood
biomarkers in having a prominent role in early detection, and diagnos-
tic and prognostic aspects of neurological disorders. However, there
are crucial preanalytical factors, the major source of variability in
biomarker testing, that need to be clarified before these biomark-
ers can be assessed in large-scale multicenter validation studies and
ultimately clinical routine laboratories. Therefore, the main aim of
our study is to determine whether the measurement of the most
important blood biomarkers of neurological injury, namely NfL, pNfH,
GFAP, Ap42, AB42/40, t-tau, and the recently developed p-tau181, are

affected by the main preanalytical factors. Specifically, we tested the
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the available scien-
tific literature on PubMed for articles examining plasma
biomarkers in Alzheimer’s disease (AD) and neurodegen-
eration, specifically neurofilament light (NfL), phosphory-
lated neurofilament heavy protein, glial fibrillary acidic
protein (GFAP), amyloid beta (Ag), total tau (t-tau), and
phosphorylated tau181 (p-tau181) measured by single
molecule array. Recent publications report only the sta-
bility of plasma NfL, which is in line with our findings. Lim-
ited information on tube type and freeze-thaw cycles is
available for GFAP, AB, t-tau, and p-tau181. Therefore,
in this study, we investigated the most common blood
biomarkers in ethylenediaminetetraacetic acid (EDTA),
serum, lithium heparin (LiHep), and citrate. In addition,
we demonstrated how biomarker levels change across
freeze-thaw cycles in EDTA plasma and serum.

2. Interpretation: Our findings indicate important differ-
ences in tube types and changes in biomarker concen-
trations across freeze-thaw cycles. We recommend that
the same tube type should be used in research studies
on blood biomarkers. Individual concentration cut-offs
are needed for each tube type in all tested biomarkers
despite being highly correlated. Serum should be avoided
for AB42, AB40, and t-tau. Freeze-thaw cycles > 3 should
be avoided for p-tau181.

3. Future directions: A large sample size was tested in
freeze-thaw cycles for EDTA and serum but future inves-
tigations should include LiHep due to its potential use for

biomarkers of low concentration.

effect of the tube type and its additives (ethylenediaminetetraacetic
acid [EDTA], lithium heparin [LiHep], citrate, or serum) and of the num-

ber of freeze-thaw cycles.

2 | MATERIALS AND METHODS

2.1 | Participants, blood collection, and processing

We included participants from two sources. To study the tube type
effect on blood biomarkers, whole blood from eight individuals was
collected by venipuncture into EDTA (Vacuette® tube 6 mL, #456243,
Greiner Bio-One GmbH), serum (Vacuette® tube 5 mL, #456234,
Greiner Bio-One GmbH), LiHep (Vacuette® tube 5 mL, #456305,
Greiner Bio-One GmbH), and citrate (Vacuette® tube 2.7 mL, #364305,
Greiner Bio-One GmbH) tubes simultaneously at the Clinical Chem-
istry Laboratory, Sahlgrenska University Hospital, MéIndal, Sweden, as

a part of routine evaluation. Blood types were centrifuged (2000 x g

Disease Monitoring

for 10 minutes) within 2 hours of collection, aliquoted, and stored at
—80°C pending biochemical analysis.

To test the effect of freeze-thaw cycles in EDTA plasma and serum,
we recruited 30 participants (n = 15 young adults, 18-25 years;n = 15
old adults > 70 years) from the AlfaAge study at the Barcelonafeta
Brain Research Center (BBRC; Table S1 in supporting information).
Further details regarding the AlfaAge study are detailed in the sup-
plementary methods. Blood samples were obtained in non-fasting con-
ditions. Whole blood was drawn with a 20- or 21-gauge needle into
EDTA tubes (BD Vacutainer® Plastic K2EDTA 10 mL Hemogard clo-
sure; cat. no. 367525) and Serum Separation Tube (SST; Vacuette®
TUBE 9 mL CAT Serum Separator Clot Activator; cat. no. 4550101).
Tubes were gently inverted 5 to 10 times and centrifuged at 2000 x
g for 10 minutes at 4°C. The supernatant was aliquoted in volumes
of 0.5 mL into sterile polypropylene tubes (Sarstedt Screw Cap Micro
Tube; 0.5 mL; PP; ref. 72.730.105), and immediately frozen at —80°C
pending biochemical analysis. The time between collection and freez-
ing was less than 30 minutes and the samples were kept at room tem-
perature during their processing. Samples were shipped on dry ice from
the BBRC (Barcelona, Spain) to the Clinical Neurochemistry Labora-
tory, Sahlgrenska University Hospital, MéIndal (Sweden), where all the

measurements were performed.

2.2 | Ethics approval and consent to participate
Anonymized sample collection at the Clinical Chemistry Laboratory,
Sahlgrenska University Hospital was conducted in accordance with
the Ethics Committee at University of Gothenburg (EPN140811). The
AlfaAge study (2018/8089/1) was approved by the Independent Ethics
Committee “Parc de Salut Mar,” Barcelona. All participants in the
AlfaAge study signed the study’s informed consent form that had also
been approved by the Independent Ethics Committee “Parc de Salut
Mar,” Barcelona.

2.3 | Blood biomarker analysis

All biomarker analysis was performed on Simoa HD-X Analyzers
(Quanterix) at the Clinical Neurochemistry Laboratory, Sahlgrenska
University Hospital, Sweden. Commercially available kits were used
for NfL (NF-light™ Advantage Kit, #103186), pNfH (pNF-heavy Dis-
covery Kit, #102669), GFAP (GFAp Discovery Kit, #102336), AB42,
AB40, and t-tau (Advantage Neuro 3-plex, #101995). P-tau181 was
performed using the in-house Simoa assay developed at the Univer-
sity of Gothenburg.1® Further details about each assay are provided
in Table S2 in supporting information. Internal quality controls (iQC)
assessed the intra- and inter-assay variability of each assay (Table
S2). Prior to biomarker analysis, blood samples stored at —80°C were
thawed, vortexed, and centrifuged at 4000 x g for 10 minutes. For the
freeze-thawing experiment, individual aliquots mimicked the preana-
lytical procedures (thawed, vortexed, and centrifugation) as previously

described and stored at —80°C until four freeze-thaw cycles had been
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(A) Clinical Chemistry Laboratory, (B)
Sahlgrenska University Hospital
n=3_8

[

EDTA Serum LiHep Citrate

1 x 500uL aliquot
Frozen -80°C

l

Simoa analysis

EDTA, Serum, LiHep & Citrate analyzed in
parallel

Biomarker analysis on HD-X platform

AlfaAge (BBRC)
n=30

EDTA Serum

4 x 500uL aliquots (Batch 1-4)
Frozen -80°C

Batch 1-4 (freeze—thaw cycle 1)
Thawed, vortexed and centrifuged at
4000g 10 min
refrozen -80°C

14 days

Batch 2-4 (freeze—thaw cycle 2)
Thawed, vortexed and centrifuged at
4000g 10 min
refrozen -80°C

Batch 3—4 (freeze—thaw cycle 3)
Thawed, vortexed and centrifuged at
4000g 10 min
refrozen -80°C

14 days

14 days

Batch 4 (freeze—thaw cycle 4)
Thawed, vortexed and centrifuged at
4000g 10 min

l

Simoa analysis

Batches 1-3 thawed, batches 1-4 vortexed
and centrifuged at 4000g 10 min

Freeze—thaw cycles 1-4 from each patient
analyzed in parallel

Biomarker analysis on HD-X platform

FIGURE 1 Schematic of study design. To study the tube type effect on blood biomarkers (A), whole blood from eight individuals was collected
by venipuncture into ethylenediaminetetraacetic acid (EDTA), serum, lithium heparin (LiHep), and citrate tubes simultaneously at the Clinical
Chemistry Laboratory, Sahlgrenska University Hospital, MdIndal. Blood types were centrifuged within 2 h of collection at 20°C, spun at 2000x g
for 10 min, aliquoted into 500 uL, and stored at -80°C pending biochemical analysis. Prior to Simoa analysis, 1 x 500 uL aliquot for each patient
and each tube type was thawed, vortexed, and centrifuged at 4000x g for 10 min. Tube types from a single patient were analyzed simultaneously.
To test the effect of freeze-thaw cycles in EDTA plasma and serum (B), samples from 30 participants from the AlfaAge study were collected. Whole
blood was drawn into EDTA and serum tubes, centrifuged at 2000x g for 10 min at 4°C, and aliquoted into 4 x 500 uL volumes and immediately
frozen at —80°C. Samples were then thawed in batches (batched 1 thawed once, batched 2 thawed twice, etc.) until four freeze-thaw cycles had
been achieved. At each freeze-thaw cycle, samples mimicked same preanalytical Simoa handling (vortexed and centrifuged at 4000x g for 10 min).
Samples were refrozen at -80°C pending biochemical analysis. At the final freeze-thaw (no. 4) all samples were thawed and analyzed

consecutively (freeze-thaw 1, 2, 3, 4) for each biomarker

achieved. Freeze-thaw cycle (1-4) for each participant were then ana-

lyzed simultaneously to avoid variability (Figure 1).

2.4 | Statistical analysis
Data normality was determined by the D’Agostino-Pearson test,
which demonstrated a non-normal distribution for all blood biomark-

ers. The association of blood biomarkers with age (young vs. old)

and sex was determined by a Mann-Whitney U test. A Wilcoxon
signed rank test was conducted to determine dependent group differ-
ences between blood biomarkers in different tube types. A Wilcoxon
signed rank test also tested the concentration difference and %
change (%A) in blood biomarker in freeze-thaw cycles compared to
freeze-thaw cycle 1. Spearman’s correlation assessed the relation-
ship between continuous variables. Statistical analysis was performed
using IBM SPSS Statistics, version 27 and Graph Pad PRISM 7 for

visualization.
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TABLE 1 Mean biomarker concentrations for EDTA, serum, LiHep, and citrate tube types

EDTA

NfL, pg/mL - mean (SD) 46.0(79.3)
pNfH, pg/mL - mean (SD) 92.3(118)
GFAP, pg/mL - mean (SD) 217 (161)
AB42, pg/mL - mean (SD) 13.1(6.4)
AB40, pg/mL - mean (SD) 346 (156)
AB42/40, mean (SD) 0.04(0.01)
t-tau, pg/mL - mean (SD) 2.3(1.3)
p-tau181, pg/mL - mean (SD) 35.2 (45.6)

Serum Lithium heparin Citrate
59.4(111) 60.9 (107) 35.7 (60.8)
106.5 (143) 204 (281) 63.6(75.1)
214 (141) 225 (164) 164 (110)
11.2(5.4) 16.7 (8.2) 15.1(7.1)
304 (14¢6) 357(167) 332(156)
0.04(0.01) 0.05(0.01) 0.05(0.01)
0.9 (0.6) 6.2(5.5) 2.9(2.0)
22.9(32.5) 88.4(125) 30.9(41.8)

Abbreviations: AS, amyloid beta; EDTA, ethylenediaminetetraacetic acid; GFAP, glial fibrillary acidic protein; LiHep, lithium heparin; NfL, neurofilament light;
pNfH, phosphorylated neurofilament heavy protein; p-tau181, phosphorylated tau 181; SD, standard deviation; t-tau, total tau.
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FIGURE 2 Biomarker concentrations in ethylenediaminetetraacetic acid (EDTA), serum, lithium heparin (LiHep), and citrate. Individual
measurements (pg/mL) of (A) neurofilament light (NfL), (B) phosphorylated neurofilament heavy protein (pNfH), (C) glial fibrillary acidic protein
(GFAP), (D) amyloid beta (AB)42, (E) AB40, (F) AB42/40, (G) total tau (t-tau), and (H) phosphorylated tau 181 (p-tau181) of eight individuals for
EDTA, serum, LiHep, and citrate. Each color represents one individual. Gray boxes represent the mean pg/mL values for all eight individuals.

*hk
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3 | RESULTS

The demographic details and the association of age and sex with plasma
biomarkers for the AlfaAge cohort are shown and described in Tables
S$3-S4 in supporting information.

3.1 | The effect of tube type on biomarker
concentrations

The highest mean value for all blood biomarkers was observed in
LiHep tubes (Table 1). The citrate tube type had the lowest mean con-

centration for NfL, pNfH, and GFAP, whereas AB42 and AB40 mea-
sures, t-tau, and p-tau181 were lowest for serum. All blood biomark-
ers demonstrated statistically different levels between tube types (Fig-
ure 2A-H). For NfL, significant differences were found between all
tube types except for the analysis between serum and LiHep (Fig-
ure 2A). In contrast, only a comparison between EDTA plasma and
serum were non-significant for pNfH, while all other comparisons were
significantly different (Figure 2B). GFAP demonstrated differences in
comparisons that only included citrate plasma (Figure 2C). For AB mea-
sures, AB42 was statistically different between all tube types (Fig-
ure 2D), while AB40 showed no difference between EDTA plasma com-
pared to LiHep and also citrate (Figure 2E). The AB42/40 ratio was
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FIGURE 3 Percentage change (%A) from ethylenediaminetetraacetic acid (EDTA) plasma. Individual %A of (A) neurofilament light (NfL), (B)
phosphorylated neurofilament heavy protein (pNfH), (C) glial fibrillary acidic protein (GFAP), (D) amyloid beta (AB)42, (E) AB40, (F) AB42/40, (G)
total tau (t-tau), and (H) phosphorylated tau 181 (p-tau181) of eight individuals for serum, lithium heparin (LiHep), and citrate compared to EDTA.

Gray boxes represent the mean %A for all eight individuals

not different between EDTA plasma and serum but significant for
all other comparisons (Figure 2F). Blood t-tau and p-tau181 demon-
strated differences between tube types, including highly significant
changes between serum and LiHep (Figure 2G-H, both P < .001). Both
t-tau and p-tau181 showed nonsignificant differences between EDTA
and citrate plasma.

Using EDTA plasma as the reference, the percentage change (%A)
for serum, LiHep, and citrate was compared (Figure 3A-H). For NfL,
serum and LiHep exhibited a 11.3% (standard deviation [SD] = 13.1%)
and 28.2% (SD = 10.1%) increase, respectively, compared to EDTA (Fig-
ure 3A). In contrast, citrate demonstrated a more uniform decrease
of 22.3% (SD = 3.1%, Figure 3A). Similar findings were observed for
pNfH (Figure 3B), with a markedly more pronounced increase in LiHep
(111.1%, SD = 40.3%). For GFAP, mean increases of only 3% to 6%
were found for serum (SD = 10.9%) and LiHep (SD = 8.9%) but a
decrease of 19.3% (SD = 13.1%) for citrate (Figure 3C). Reductions
of AB42 (13%, SD = 7.5%) and AB40 (12.7%, SD = 3.1%) in serum
were clear and consistent (Figure 3D-E). Increases in AB42 concen-
tration was found for LiHep (27.7%, SD = 11.5%) and citrate (16%,
SD = 13.5%) but inconsistencies were observed for AB40. The AS ratio
did not improve the %A variability between tube types (Figure 3F).
Both t-tau (61.2%, SD = 10.4%) and p-tau181 (45.8%, SD = 17.4%) had
a consistent decrease in serum concentration (Figure 3G-H). In addi-
tion, both t-tau and p-tau181 were substantially increased in LiHep (t-
tau, 134.1%, SD = 71.2%; p-tau181, 81.9%, SD = 53.8%). For citrate, an
increase of 18.2% (SD = 32.5%) was observed for t-tau, while p-tau181
decreased by 27.3% (SD = 29.1%).

All blood fractions were highly correlated with each other for NfL,
pNfH, GFAP, AB42, AB40 (Figure 4A-E,r =0.940-1), and p-tau181 (Fig-
ure 4H,r = 0.968-0.991). However, for AB42/40, blood fractions were
less associated (Figure 4F, r = 0.636-0.861), which were marginally
weaker for correlations involving serum. Correlations of t-tau between
EDTA, LiHep, and citrate were high (Figure 4G, r = 0.945-0.961) but
were substantially weaker for correlations that included serum (Fig-
ure 4G, r =0.459-0.643).

Correlations between EDTA plasma and serum were replicated in
the AlfaAge cohort (Table S5 in supporting information). NfL, pNfH, and
GFAP were highly correlated in the whole group (r > 0.97) and also in
young and old age subgroups. For p-tau181, high correlations of EDTA
and serum were only observed in the old group (r = 0.902); weaker
correlations were seen in the young group (r = 0.322). Stronger cor-
relations in the older groups were also observed for Ag42 and AB40
whereas AB42/40 had a similar correlation coefficient regardless of
age. T-tau demonstrated a weak correlation between EDTA and serum
regardless of age group.

3.2 | The effect of freeze-thaw cycles on
biomarker concentrations

Finally, using samples from 30 AlfaAge study participants, we assessed
whether EDTA plasma and serum biomarker concentrations were sen-
sitive to freeze-thaw cycles.
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FIGURE 4 Correlation of ethylenediaminetetraacetic acid (EDTA), serum, lithium heparin (LiHep), and citrate. Heat maps represent the
correlations (Spearman’s rho) between tube types and (A) neurofilament light (NfL), (B) phosphorylated neurofilament heavy protein (pNfH), (C)
glial fibrillary acidic protein (GFAP), (D) amyloid beta (AB)42, (E) AB40, (F) AB42/40, (G) total tau (t-tau), and (H) phosphorylated tau 181
(p-tau181). Correlations of EDTA and serum for the AlfaAge cohort can be found in Table S5

A Wilcoxon signed rank test compared biomarker concentration
and %A in freeze-thaw cycles 2 to 4 compared to freeze-thaw cycle
1 (Figure 5). No significant effects of repeated freeze-thawing was
observed for EDTA plasma and serum NfL (Figure 5A) or pNfH (Fig-
ure 5B); however, pNfH demonstrated larger variability in %A com-
pared to NfL. GFAP demonstrated no significant change compared to
freeze-thaw cycle 1 (Figure 5C). Plasma AB42 was shown to be stable
up to freeze-thaw cycle 4. However, serum AB42 concentration signif-
icantly decreased at freeze-thaw cycle 3 (P < .0001) and freeze-thaw
cycle 4 (P < .0001) but not freeze-thaw cycle 2 compared to freeze-
thaw cycle 1 (Figure 5D). In comparison, plasma AB40 was signifi-
cantly decreased at freeze-thaw cycle 4 (P < .05, Figure 5E) and serum
AB40 was significantly decreased at all freeze-thaw cycle timepoints
(freeze-thaw cycle 1, P < .05; freeze-thaw cycles 2 and 3, P < .0001;
Figure 5E). Importantly, the plasma AB42/40 ratio compensated for
significant changes in plasma AB40 as it was shown to be stable at
all freeze-thaw cycles (Figure 5F). The serum AB42/40 ratio, to some
degree, also compensated for variability in single AB42 and A340 mea-
sures but was still significantly changed at freeze-thaw cyclse 3 and
4 (both P < .05, Figure 5F). No significant change in concentration or
%A of EDTA t-tau was observed; however, significant differences were
shown for serum t-tau at freeze-thaw cycles 3 and 4 (Figure 5G). It
must be noted that both EDTA and serum t-tau values demonstrated
large variability likely owing to the overall low concentrations mea-
sured in these samples. Mean concentrations of EDTA and serum for
p-taul81 decreased over freeze-thaw cycles but reached statistical
difference at freeze-thaw cycle 4 for plasma (P < .01) but not serum;
however, serum p-tau181 freeze-thaw cycle 4 was approaching signif-
icance (P =.065, Figure 5H).

4 | DISCUSSION

The advancement of ultrasensitive immunoassays now offers a wide
range of easily measurable blood biomarkers that reflect, to varying
degrees, aspects of neurodegeneration, acute neurological injury, glial
activity, and AD pathophysiology. There is much anticipation that these
biomarkers will act as rapid pre-screening tools in primary care, thera-
peutic trials, disease monitoring, or response to treatment. Yet, several
methodological and pre-analytical issues need to be clarified before
these tests can be routinely performed in the clinic. In the present
study, we investigated the main blood biomarkers explored in neurode-
generative disorders, and we found that the type of tube used for sam-
ple collection and the number of freeze-thaw cycles affect the mea-
surements of some biomarkers.

First, regarding the type of tube for sample collection, EDTA plasma
and LiHep were highly correlated in all scenarios investigated. How-
ever, LiHep was also shown to give the highest concentrations in
all blood biomarkers in this study. Thus, biomarkers with expected
low concentrations, close to the lower limit of quantification of the
assay, may benefit from using LiHep. This could be of particular impor-
tance for p-tau181 (or other p-tau biomarkers) for which Ag-negative
controls and non-AD neurodegenerative disorders exhibit very low
concentrations.'83? Absolute levels of LiHep, citrate, and serum sam-
ples differ considerably to EDTA plasma for some biomarkers. Partic-
ularly, NfL and GFAP concentrations in citrate plasma were > 20%
lower than in EDTA plasma, and AB, p-tau181, and t-tau concentra-
tions in serum were > 10%, > 25%, and > 50% lower than in EDTA
plasma, respectively. Despite the sample size, a significant difference

in biomarker concentration was found for the majority of comparisons
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and therefore this should be a fundamental consideration comparing
blood biomarker measurements in different tube types.

Regarding freeze-thaw cycles, EDTA plasma measures of NfL, pNfH,
GFAP, AB42, and AB42/40 remain stable over four freeze-thaw cycles.
This demonstrates that comparing patient samples with differing
freeze-thaw cycles will not have an impact on the outcome. The sta-
bility of neurofilaments in plasma has been shown previously*°-42 but
less is reported on plasma GFAP and AB. We demonstrate that mea-
surements in EDTA plasma samples that have undergone up to four
freeze-thaw cycles are reliable for Ag42, AB42/40, and GFAP. EDTA
AB40 is significantly decreased at the fourth freeze-thaw cycle but
can be compensated for by the AB42/40 ratio. EDTA plasma p-tau181
was also shown to be stable for up to three freeze-thaw cycles, but
a significant decrease was observed at freeze-thaw cycle 4. Serum p-
tau181 was not significant in this analysis but demonstrated a trend
toward a significant change. Like plasma, serum measures of NfL,
pNfH, and GFAP remain stable over four freeze-thaw cycles. How-
ever, serum AB42, AB40, and t-tau were all susceptible to repeated
freeze-thawing, which resulted in significantly lower concentrations
after freeze-thaw cycle 2, which continued to decrease in subsequent
freeze-thaw cycles. While the serum AB42/40 ratio partially coun-
teracted these changes, significant decreases were observed at later
freeze-thaw cycles.

There are limitations to this study. First, while we included four
variables in comparing tube types, only EDTA plasma and serum
were studied for the freeze-thaw cycle experiment. Therefore, we
cannot conclude how LiHep and citrate concentrations change over
freeze-thaw cycles. Second, every sample had undergone one freeze-
thaw cycle before starting the study, thus we could not compare how
biomarker concentrations change from fresh blood to the first freeze-
thaw cycle. Third, this tudy preceeded the development of blood
p-tau217 or p-tau231 and thus could not be added to our comparisons
given the strict study design. We also acknowledge that there may be
additional aspects to blood pre-analytics that were not examined here,
for example, storage temperature, storage time, and centrifugation
speed at collection or before analysis. The main strengths of our study
are that all samples were collected following standardized procedures,
and that our centers (University of Gothenburg and BBRC) are highly
experienced in collection and processing of blood samples. In addition,
we used analytically sensitive, robust, and reproducible biomarker
assays that were completed in one round of experiments, which
minimized the analytical variation. All assays are now comemrically
avaliable for all users.

Based on our findings, we propose the following recommendations
for blood biomarker analysis in neurology: (1) EDTA, serum, LiHep,
and citrate tubes cannot be used interchangeably for the examined
biomarkers because they give significantly different absolute concen-
trations, albeit being highly correlated; (2) NfL and pNfH measures can
be reliably used up to four freeze-thaw cycles; (3) serum should be
avoided for AB42, AB40, and t-tau measures due to poor correlation
with other tube types and sensitivity to freeze-thaw cycles; (4) EDTA

AB40 should be avoided > 3 freeze-thaw cycles but can be compen-

Disease Monitoring

sated for by the AB42/40 ratio, and (5) > 3 freeze-thaw cycles should
be avoided for p-tau181.
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