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ABSTRACT
Objective: To derive a plasma biomarker protein panel from a list of 141 candidate proteins which can
differentiate transient ischaemic attack (TIA)/minor stroke from non-cerebrovascular (mimic) conditions
in emergency department (ED) settings.
Design: Prospective clinical study (#NCT03050099) with up to three timed blood draws no more than
36h following symptom onset. Plasma samples analysed by multiple reaction monitoring-mass spec-
trometry (MRM-MS).
Participants: Totally 545 participants suspected of TIA enrolled in the EDs of two urban medical
centres.
Outcomes: 90-day, neurologist-adjudicated diagnosis of TIA informed by clinical and radiological
investigations.
Results: The final protein panel consists of 16 proteins whose patterns show differential abundance
between TIA and mimic patients. Nine of the proteins were significant univariate predictors of TIA
[odds ratio (95% confidence interval)]: L-selectin [0.726 (0.596–0.883)]; Insulin-like growth factor-binding
protein 3 [0.727 (0.594–0.889)]; Coagulation factor X [0.740 (0.603–0.908)]; Serum paraoxonase/lacto-
nase 3 [0.763 (0.630–0.924)]; Thrombospondin-1 [1.313 (1.081–1.595)]; Hyaluronan-binding protein 2
[0.776 (0.637–0.945)]; Heparin cofactor 2 [0.775 (0.634–0.947)]; Apolipoprotein B-100 [1.249
(1.037–1.503)]; and von Willebrand factor [1.256 (1.034–1.527)]. The scientific plausibility of the panel
proteins is discussed.
Conclusions: Our panel has the potential to assist ED physicians in distinguishing TIA from mimic
patients.
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Introduction

Minor stroke and transient ischaemic attack (TIA) are at the
minor end of the ischaemic stroke continuum (Albers et al.
2002, Easton et al. 2009). At this end of the spectrum
patients’ symptoms have either completely or almost
resolved. However, despite relatively minor symptoms, such
patients remain at a high risk of recurrent stroke. With over
half of recurrent strokes occurring within 48 h of the initial
event (Johnston et al. 2007), early recognition is paramount

in order that appropriate secondary stroke prevention treat-
ments can be implemented to prevent recurrent stroke.
The diagnosis of TIA/minor stroke (henceforth, referred to
simply as TIA) can be challenging for physician, because
numerous other conditions (usually less serious), such as
migraine, anxiety, peripheral neuropathy etc. can effectively
“mimic” the clinical presentation of TIA, with up to 50% of
patients being incorrectly diagnosed with TIA (Ferro et al.
1996, Prabhakaran et al. 2008, Quinn et al. 2009, Sheehan
et al. 2009, Fonseca and Canh~ao 2010).

CONTACT Maximilian B. Bibok Maximilian.Bibok@viha.ca Department of Research and Capacity Building, Island Health Authority, 1952 Bay Street, Victoria,
BC, V8R 1J8, Canada
#Robert F. Balshaw, Mary L. Lesperance, Maximilian B. Bibok, and Nicole S. Croteau are responsible for statistical design/analysis. Robert.
Balshaw@umanitoba.ca (R. F. Balshaw); mlespera@uvic.ca (M. L. Lesperance); Maximilian.Bibok@viha.ca (M. B. Bibok); Nicole.Croteau@viha.ca (N. S. Croteau).

Supplemental data for this article can be accessed here.

� 2018 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc-nd/
4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built upon
in any way.

BIOMARKERS, 2018
VOL. 23, NO. 4, 392–405
https://doi.org/10.1080/1354750X.2018.1434681

http://crossmark.crossref.org/dialog/?doi=10.1080/1354750X.2018.1434681&domain=pdf
http://orcid.org/0000-0002-9690-6514
http://orcid.org/0000-0001-5090-5105
http://orcid.org/0000-0001-8613-1068
http://orcid.org/0000-0002-2455-8792
http://orcid.org/0000-0002-4912-5838
http://orcid.org/0000-0002-9825-0758
http://orcid.org/0000-0002-7276-9551
http://orcid.org/0000-0001-5969-8990
http://orcid.org/0000-0003-2394-6512
https://doi.org/10.1080/1354750X.2018.1434681
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.tandfonline.com


The development of a plasma protein blood test to help
address the challenge of diagnosing TIA and minor stroke
has been an active area of stroke research (Laskowitz et al.
2009, Montaner et al. 2010, Sharma et al. 2014). During
ischaemic stroke, a wide range of proteins are differentially
expressed in the affected brain region as part of the ischae-
mic cascade in response to the hypoxia which results from
low blood flow (Brouns and Deyn 2009). As many TIA
patients have evidence of damage on MRI (Kidwell et al.
1999, Crisostomo et al. 2003) the presumption is that this is
also the case in other TIA patients. If the ischaemic event
continues to compromise the blood-brain barrier, then
ischaemic-regulating proteins may escape into peripheral cir-
culation and be detectable in blood plasma (Fassbender
et al. 1997, Marchi et al. 2004). Non-cerebrovascular condi-
tions, in contrast, are less likely to involve the differential
expression of ischaemic-regulating proteins, or correlate with
risk factor biomarkers. The hope, therefore, is that a distinct-
ive pattern of protein expression, or a “protein signature,”
can be discovered for TIA/minor stroke; ultimately, this signa-
ture could be used to help differentiate TIA/minor stroke
from mimic patients in clinical situations.

Several studies have seen only modest success investigat-
ing protein biomarker panels for the strongly related prob-
lem of differentiating ischaemic stroke from mimic conditions
in emergency department (ED) settings (Laskowitz et al.
2009, Montaner et al. 2010, Sharma et al. 2014). However,
some reviewers have suggested that, to date, no stroke bio-
markers have been discovered that achieve clinical usefulness
in real-world settings (Whiteley et al. 2008, Hasan et al. 2012).
One possible explanation for this may be that the many aeti-
ologies of stroke (e.g. cardioembolic, small vessel occlusion,
large artery atherosclerosis) mean that no individual bio-
marker will show a consistent pattern of differential abun-
dance across all stroke aetiologies compared to mimic
conditions (Whiteley 2011). Several studies have proposed
biomarker panels comprising multiple proteins as a way to
address this problem (Laskowitz et al. 2009, Montaner et al.
2010, Whiteley et al. 2011, Sharma et al. 2014) with some
improvements in the discriminatory power being reported.

The temporal nature of the ischaemic cascade has pre-
sented an additional challenge in the development of bio-
marker panels for the diagnosis of TIA. The cascade unfolds
over the course of several hours, with different proteins
involved in various stages of the cascade (anaerobic cellular
metabolism, cellular apoptosis, tissue inflammatory response,
etc.) (Brouns and Deyn 2009). This suggests that the patterns
of differential abundance may well change over time relative
to the index event, with different proteins being most
informative at different time points. In contrast, biomarkers
of pre-existing risk factors are likely to remain relatively con-
stant over time.

Our research group – Spectrometry in TIA Rapid
Assessment (SpecTRA 2016) – has been conducting a multi-
phase, prospective clinical research project with the aim of
developing a blood-based, proteomic biomarker panel to dif-
ferentiate TIA patients from mimic patients. The panel will
ultimately be deployed for use in ED settings. To maximise
the clinical relevance of our study, patient enrolment has

specifically occurred in the ED (cf. Whiteley et al. 2008), the
same clinical environment for which it is being developed.

In the present study, we provide a descriptive analysis of
a large number (n¼ 141) of candidate protein biomarkers
selected from the TIA/minor stroke literature. We also exam-
ine the influence of time from symptom onset to blood draw
on protein expression. We conclude our analysis by con-
structing a biomarker panel and describing some of the bio-
logical significance of the proteins involved. The potential
diagnostic role of this panel will be assessed in a follow-up
publication where we will formally evaluate the discrimin-
atory performance of a locked-down algorithm in a validation
dataset comprising a second, independent cohort of
SpecTRA patients (#NCT03070067) following the PROBE study
design (Pepe et al. 2008, Institute of Medicine 2010).

Clinical significance

� A panel of protein biomarkers shows differential abun-
dance between mimic and TIA patients, suggesting the
possibility of a diagnostic biomarker based on plasma
proteomics.

� The predictive ability of the protein biomarkers to differ-
entiate between mimic and TIA patients does not appear
to change over time (<24 h from symptom onset).

� Significant protein biomarkers for TIA in our study were
predominately associated with cardiovascular disease.

� A literature review found several proteins to have bio-
logically plausible relations to TIA risk and aetiology.

Methods

Participants

Enrolment into the first phase of the SpecTRA study took
place over an 18-month period from December 2013 to May
2015. Patients suspected of TIA or minor stroke were enrolled
by stroke study nurses in the EDs of two urban medical hos-
pitals. Stroke nurses recorded patients’ presenting clinical
symptoms in the case report form (CRF). Inclusion criteria for
enrolment were, (a) patient with suspected TIA or minor
stroke, NIHSS <4 (Brott et al. 1989, NINDS 2003), (b) symp-
tom onset <24 h and (c) age �18 years of age. Exclusion cri-
teria were (a) isolated monocular blindness and (b) no access
to either magnetic resonance imaging (MRI) within 7 days or
computed tomography (CT)/computed tomography angiog-
raphy (CTA) within 24 h. Symptom onset was defined as the
last known time the patient was seen to be normal. Patients
received either MRI and/or CTA imaging as part of the study
protocol.

Patients with haemorrhagic stroke (intracerebral haemor-
rhage (ICH) and subarachnoid haemorrhage (SAH)) were not
enrolled in the study, as the aim of the study was to focus
on the diagnosis of TIA and minor ischaemic stroke.
Symptoms of haemorrhagic stroke frequently differ from
those of ischaemic stroke, resulting in different criteria for
clinical suspicion. Haemorrhagic stroke frequently presents
with headache (55.6%) in contrast to ischaemic stroke
(22.4%) (Rathore et al. 2002). In the case of SAH, headache is
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the sole presenting symptom in approximately one-third of
cases (Ferro et al. 1991). Often patients describe the thunder-
clap headache associated with haemorrhagic stroke as “the
worst headache” of their lives (Linn et al. 1994, Morgenstern
et al. 1998). Validated clinical decision rules to detect SAH in
patients with severe headache have been developed (Perry
et al. 2017). Convulsions are also more prevalent in haemor-
rhagic stroke than ischaemic stroke (Rathore et al. 2002), as
well as loss of consciousness (Linn et al. 1994). Fortunately,
non-contrast head computed tomography (CT) has an
extremely high sensitivity to detect haemorrhagic stroke
(Morgenstern et al. 1998, Huisman 2005, Perry et al. 2011),
and is used extensively to rule out the diagnosis (Birenbaum
et al. 2011). For these reasons, we focussed enrolment only
on patients presenting with TIA/minor ischaemic stroke
symptoms, as physicians have great difficulty in differentiat-
ing between TIA/minor ischaemic stroke and mimic patients
based on presenting clinical symptoms (Prabhakaran et al.
2008).

Study arms

To examine the effect of time on protein expression two
study arms were created. The first study arm (multiple blood
draw) consisted of three, timed, blood draws. Draw 1
occurred in the ED, and took place within 6 h of symptom
onset. Draw 2 occurred 4–6 h after the first blood draw, and
typically occurred when patients were discharged from the
ED. Draw 3 occurred 20–32 h after the first blood draw.

The second study arm (single blood draw) consisted of
only one blood draw. This blood draw occurred within 24 h

of symptom onset. Enrolment into the study arm was based
entirely upon the patient’s time of arrival at the ED after
symptom onset (i.e. patients arriving at the ED more than 6 h
after symptom onset were enrolled in the single blood draw
study arm).

Figure 1 displays the enrolment of participants into the
study arms at each of the two enrolling study sites.
Competitive enrolment was used to enrol patients into the
multiple blood draw study arm; consequently, enrolment was
not equally distributed between study sites. A limitation of
patient enrolment at site 2 was that the hours of operation
of the research lab was restricted to business hours, Monday
through Friday. In contrast, site 1 enrolment occurred 7 days
a week, and it was therefore logistically easier to enrol
patients into the multiple blood draw study arm.

Plasma collection and preparation

Peripheral blood samples were drawn from the inside of the
arm, as per standard of care at each study site. Needle gauge
was either 18G or 21G. In an examination of the pre-analyt-
ical factors related to differences in blood draw technique at
the multi-enrolling sites, some differences in needle gauge
on protein abundance were observed for specific proteins;
however, none of these were part of the protein panel
described in the present study. These observations are con-
sistent with a previous investigation in which phlebotomy
technique and needle gauge had little or no effect on pro-
tein abundance (Penn et al. 2015).

Blood samples were collected into 6.0mL EDTA vacutainer
tubes and immediately placed into an ice bath until

Initial Site 1 Cohort
(n = 280)

Initial Site 2 Cohort
(n = 280)

Final Site 2 Cohort
(n = 275)

Final Site 1 Cohort
(n = 270)

Initial SpecTRA Cohort
(n = 560)

Final SpecTRA Cohort
(n = 545)

Multiple Blood Draw
(n = 123)

Single Blood Draw
(n = 157)

PV (n = 3)

TGA (n = 2)

Multiple Blood Draw
(n = 50)

Single Blood Draw
(n = 230)

PV (n = 2)

TGA (n = 3)

PV (n = 0)

TGA (n = 0)

PV (n = 4)

TGA (n = 1)

Figure 1. Participant flow diagram for SpecTRA cohorts. PV: protocol violation. TGA: transient global amnesia. PV included: missed imaging (n¼ 6), no arrival at TIA
unit (n¼ 1), ambiguous diagnosis (n¼ 1), blood draw out of time window (n¼ 1).
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processed; samples were processed within 2 h of collection.
EDTA tubes were inverted 8–10 times before being centri-
fuged for 10–15min at 2500–3000 rpm. Plasma samples were
then aliquoted into 500 lL cryo tubes and stored at �80 �C.

Diagnosis and motor/speech deficits

Study participants received full neurological assessments, as
per standard of care at each enrolling site. Two study neurol-
ogists adjudicated the cases based on both neurological
assessments and radiological findings (i.e. MRI and/or CTA),
the combination of which has been argued to represent the
“gold-standard” in stroke diagnosis (Whiteley et al. 2008,
2011). If there was disagreement then a third neurologist
adjudicated the case. Adjudicated diagnoses were recorded
at or after day 90 post-event: (a) Mimic (clinical presentation
ultimately inconsistent with TIA and negative imaging
results); (b) TIA Possible (clinical presentation consistent with
TIA, but negative imaging results); and (c) TIA Definite (posi-
tive imaging results: diffusion weighted imaging (DWI) posi-
tive or abnormal CTA). For analysis purposes, a binary
diagnosis was also derived by combining TIA possible and
definite diagnoses (i.e. Mimic versus TIA).

A motor/speech (M/S) deficit variable (0¼ absent,
1¼present) was also defined using information from the CRF
based on the presence of any of the following clinical symp-
toms: (a) face droop, (b) unilateral limb weakness, (c) speech
deficit and (d) language disturbance. The presence of M/S
symptoms is recommended by several Canadian guidelines
(Coutts et al. 2014, Casaubon et al. 2015) as a potential indi-
cator of high-risk TIA. Thus, this variable was created in order
to later stratify patients by diagnosis and M/S deficits during
statistical analysis.

Final sample

A total of 560 participants were enrolled in the two arms of
the first phase of the SpecTRA study. Of the initial sample,
nine patients were removed due to protocol violations, such
as missing the required brain imaging. In consideration of
the medical and clinical ambiguity regarding transient global
amnesia (TGA) (Sedlaczek et al. 2004) and its potential rela-
tion to TIA, an additional six patients were removed from the
sample with this diagnosis. In total, 15 patients were

excluded from the dataset (Figure 1) used to identify the bio-
marker panel. Table 1 displays the demographic characteris-
tics of the final evaluable SpecTRA dataset (n¼ 545).

Proteomic analysis

Collected plasma samples were analysed using multiple reac-
tion monitoring-mass spectrometry (MRM-MS), utilising sta-
ble-isotope-labelled internal standard (SIS) peptides. The use
of SIS peptides in MRM analyses is considered the “gold
standard” in MS quantitation (Ong and Mann 2005, Parker
and Borchers 2014).

The samples were analysed at the Genome British
Columbia Proteomics Centre, University of Victoria, BC,
Canada. Before MRM-MS analysis was conducted, samples
were randomly distributed across the analytic 96-well plates
to control for potential batch effects. The randomisation
stratified for participant diagnosis, enrolment study site and
sex. The Proteomic Centre was blinded to the participants’
final diagnoses at the time of plasma analysis.

Candidate proteins

The initial list of candidate proteins was selected based on a
literature review of proteins previously investigated as bio-
markers for TIA/minor stroke in acute settings
(Supplementary Table S1) or related neurological phenomena
(e.g. migraine). Ultimately, the team selected 141 candidate
proteins, each represented by a single peptide sequence for
MRM analysis, with the exception of matrix metalloprotei-
nase-9 (MMP-9) and thrombospondin-1 (TSP-1), which were
measured using three distinct peptide sequences each. Thus,
our initial list comprised 141 candidate proteins measured
using 145 peptide sequences.

Ethics statement

This study was approved by the local ethics boards of both
participating sites. Written informed consent was obtained
from all study participants. The SpecTRA study is registered
with ClinicalTrials.gov (NCT03050099).

Statistical analysis

Our statistical analysis included the follow steps: (1) data
quality control review; (2) time-effect analysis; (3) single-pep-
tide analyses for differential relative abundance; and, (4) iden-
tification of a potential proteomic biomarker panel.

Proteomic data imputation and transformation

Our analyses utilised the log2-transformed relative abundance
values (i.e. the ratio of the abundance of the natural (NAT)
peptide abundance to the abundance of the spiked in sta-
ble-isotope-labelled standard (SIS) peptide). This is a unitless,
relative measure of peptide abundance in which much of the
technical variability of the MRM-MS process has been
removed.

Table 1. Demographics.

SpecTRA study Site 1 Site 2 �p-values
N 545 270 275
Patient Age, mean (SD) 68.9 (15.2) 72.6 (14.4) 65.2 (15.1) <0.001
Male, N (%) 290 (53.2) 137 (50.7) 153 (55.6) 0.5191
Diagnosis of TIA, N (%) 386 (70.8) 194 (71.9) 192 (69.8) 0.8725
CTA Completed, N (%) 440 (80.7) 192 (71.1) 248 (90.2) <0.001
MRI Completed, N (%) 522 (95.8) 268 (99.3) 254 (92.4) <0.001
Systolic BP, mean (SD) 156.2 (27.2) 158.0 (26.8) 154.4 (27.5) 0.3059
Diastolic BP, mean (SD) 83.7 (14.1) 83.3 (13.7) 84.1 (14.5) 0.8040
Hypertension, N (%) 313 (57.4) 167 (61.9) 146 (53.1) 0.1178
Hyperlipidaemia, N (%) 217 (39.8) 107 (39.6) 110 (40.0) 0.9961
Atrial Fibrillation, N (%) 67 (12.3) 38 (14.1) 29 (10.5) 0.4554
Diabetes, N (%) 92 (16.9) 40 (14.8) 52 (18.9) 0.4432
Smoking, N (%) 54 (9.9) 18 (6.7) 36 (13.1) 0.0429
�t and chi-square between site homogeneity test p values.
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To permit the use of the logarithmic transformation, the
relative abundance values (ratio of NAT to SIS abundance)
reported as zero (i.e. where the abundance of the NAT pep-
tide was observed to be below the limit of quantitation)
were imputed using one-half of the minimum observed rela-
tive abundance above the lower limit of detection for each
peptide. The relative abundance values were then log2-trans-
formed for all statistical analyses.

Quality control

All proteomic data were examined with regards to quality
control (QC). QC involved several non-specific filters (i.e. all
phases were blinded with respect to participant final diagno-
sis). Peptides with uniformly low relative abundances (i.e.
peptides in which more than 75% of samples had observed
relative abundance values below the peptide-specific limits
of quantitation) were removed from the list of candidate pro-
teins. We also removed peptides whose distribution of rela-
tive abundance values suggested poor resolution: these were
peptides where 80% or more of the samples were concen-
trated in the 10 smallest numerical values reported for that
peptide.

As a final QC, a visual blinded-to-diagnosis review of indi-
vidual spectra for reliable integration was conducted. Peptide
values were flagged as being either valid (i.e. integration of
the area under the curve was judged to be reliable) or sus-
pect. We then removed peptides where less than 20% of the
samples were judged to be valid. Also, the proportion of sus-
pect values for each peptide was retained for use in later
statistical analyses as a measure of quality.

Time effect on proteomic expression

Our first statistical analyses examined whether there were
important interactions between blood draw time (relative to
symptom onset) and diagnosis on the observed peptide level
trajectories over time. This analysis included participants who
had both single and multiple blood draws through the use
of mixed-effects regression models for each peptide. Our full
model for the log2-transformed relative abundance levels
included terms for time, time2, diagnostic group, MRM-MS
plate ID and group-by-time and group-by-time2 interactions.
In this full model, time referred to the time between symp-
tom onset and blood draw, and the group variable had three
values (Mimic, TIA Possible, TIA Definite). The time2 term per-
mitted assessment of the importance of curvature in the tra-
jectory of peptide levels over time. This model was then
sequentially simplified, removing first the group-by-time2

term, then the group-by-time term, and finally the time2

term. At each step, the significance of the terms removed
was assessed using likelihood ratio tests and those terms
with a false discovery rate (FDR) (Benjamini and Hochberg
1995) of 0.2 or less were retained.

As a result of these time-effect analyses (see Results –
Time Effect on Proteomic Expression), our subsequent analy-
ses used only the first sample drawn from all participants
and the models included only the linear term for time.

Correcting for batch and time effects

In anticipation of possible batch (e.g. variation confounded
with the MRM-MS experimental plate) and time effects, the
peptide level data were corrected for possible batch and
time effects using a linear model. We used the residuals from
these models as our final “time-and-batch-corrected” relative
abundance values, effectively removing the effect of time
and MRM-MS plate ID from the peptide data. For each pep-
tide, we performed our analyses of differential relative abun-
dance using these final corrected peptide values.

Single protein differential relative abundance analyses

To examine differential relative abundance, we used robust
generalised linear models (Maechler et al. 2016) in a logistic
regression model for the binary diagnosis variable (Mimic
versus TIA) against the final peptide values for each individ-
ual candidate peptide as the single predictor. Odds ratios
with 95% confidence intervals were calculated for each pep-
tide and p-values for the peptides were adjusted using an
FDR with a¼ 0.2. We used the robust logistic regression ana-
lysis to reduce the impact of aberrant individual peptide lev-
els on the resulting p-values.

Biomarker panel construction

After the single peptide analyses, we constructed a prote-
omic biomarker panel using Lasso logistic regression
(Friedman et al. 2010) in conjunction with bootstrapping to
measure variable importance (Efron and Gong 1983); the pro-
cedure is comparable to that proposed by Wang et al. (2011).
To create the panel, we measured variable importance by
performing bootstrap sampling analysis of the Lasso regres-
sion model. That is, we created 300 bootstrap samples using
data from the first-drawn samples from all 545 participants.
These bootstrap samples were selected with replacement
after stratifying by diagnostic group (Mimic, TIA Possible, TIA
Definite) and the presence of M/S deficits. This stratification
strategy was used as it is likely that peptide expression val-
ues could be directly related to lesion volume and location
(Fassbender et al. 1997, Wunderlich et al. 2004), which in
turn would be related to TIA severity and the certainty of
diagnosis (TIA Possible versus TIA Definite). Stratifying by
diagnostic level, therefore, ensured each bootstrap sample
remained representative of the distribution of lesion volumes
in the overall sample. Similarly, stratification by M/S deficits
ensured that the distribution of low- and high-risk TIA cases
also remained representative.

Next, for each of the 300 bootstrap samples, we fitted a
logistic Lasso regression model (Friedman et al. 2010) that
included all remaining candidate peptides. We then extracted
the first 15 peptides selected by the Lasso model in each
case. We chose to limit the models to 15 predictors to
reduce the chance of overt over-fitting and to follow the “10-
cases-per-predictor” heuristic (Vittinghoff and McCulloch
2007), at least approximately. We fit the Lasso model using
the proportion of QC-valid values as the weights for the
regression penalty for each peptide, thereby preferentially
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selecting peptides that were “more reliably measured”.
Finally, using the 300 resulting fitted models, we measured
the variable importance for each peptide as the proportion
of fitted models for which the peptide was selected.
Although, each of the 300 models contains only 15 peptides,
the individual peptides selected can vary between models.
As a result, when the frequency of peptide selection is tallied
across the 300 models, it is possible for more or less than 15
peptides to have a frequency of selection equal to or greater
than one-third of the number of fitted models. The final
panel size, therefore, is ultimately determined by the propor-
tion of models selecting the peptides, and is not a property
of any individual model.

Analyses were completed using the ROCR (v1.0.7) (Sing
et al. 2005), pROC (v1.10.0) (Robin et al. 2011), glmnet
(v2.0.13) (Friedman et al. 2010), robustbase (v0.92.7)
(Maechler et al. 2016), nmle (v3.1.131) (Pinheiro et al. 2016),
Hmisc (v4.0.3) (Harrell and Dupont 2016), rms (v5.1.1) (Harrell
2016) and ggplot2 (v2.2.1) (Wickham 2009) libraries in the R
statistical language (v3.4.3) (R Core Team 2016).

Results

Quality control – phase 1

In the first phase of QC, two peptides (one of the MMP-9
sequences and the proteotypic peptide for creatine kinase B-
type) were removed from the candidate list for having �75%
of values below the limit of quantitation; 36 more peptides
were removed from the candidate list for poor resolution
(having �80% of the observations occurring in the lowest 10
values of the peptide measurements). A total of 107 of the
initial 145 candidate peptides remained after these QC steps.

Time effect on proteomic expression

Examination of the FDR-adjusted p-values for the likelihood
tests of the group-by-time2 interaction term did not indicate
any significant effect of the interaction on peptide expression
(a¼ 0.2). For the group-by-time interaction analysis, three
peptides were found to have significant interactions: (a)
Apolipoprotein A-IV, (b) B-cell scaffold protein with ankyrin
repeats, and (c) Collagen alpha-1(I) chain. The time2 inter-
action terms were found to be non-significant. However,
though group-by-time and the time2 effects did not appear
significant, we did observe a significant main effect of time
for 26 proteins, confirming the desirability of adjusting pro-
tein levels for time in subsequent analyses (results not
shown).

To further investigate the role of time on peptide expres-
sion, we conducted a post-hoc sub-analysis repeating the
time effect analysis previously outlined on patient blood
draws <6 h from symptom onset. The motivation for this
analysis was to determine if any time-by-protein effects
would be observed within the critical time window during
which tissue plasminogen activator (tPA) therapy must be
administered to be effective. After FDR correction, no effect
of time on peptide expression or main effects of time were
observed (results not shown).

Adjustment for time and plate effects

Because only three peptides out of the 107 candidate pepti-
des that passed the first phase of QC demonstrated a signifi-
cant interaction effect between time and diagnostic group,
we decided that it was not necessary to include this inter-
action term in the linear model which corrected for batch
effects.

Before continuing with further analyses the data set was
restricted to only the participants’ first blood draw to render
measurements for each peptide independent (i.e. removing
blood draws 2 and 3 for patients with multiple blood draws).
Because restriction of the data reduced the number of data
points available per peptide, we repeated the first phase
steps of QC on the peptide values for the first blood draw
(n¼ 545 participants). A total of 105 peptides passed the
repeated first phase QC for the first blood draw.

Quality control – phase 2

After a manual review of the mass spectra for the 105 pepti-
des passing the first phase of QC for the first blood draw (i.e.
545 participants �105 peptides ¼57,225 individual peptide
data), a total of 59 peptides (corresponding to 59 distinct
proteins) were judged to be appropriate for further statistical
analyses; 46 peptides were removed from the candidate list
for having less than 20% valid proteomic values. Figure S1 in
the supplement displays box plots for these 59 peptides.

Single-protein differential relative abundance analyses

Robust single-predictor logistic regression models for diagno-
sis of mimic versus TIA were fit to each of the 59 peptides
passing QC. Fifteen peptides were found to be differentially
abundant between the mimic and TIA patients after FDR
adjustment (a¼ 0.2). Supplementary Table S2 shows the
results of the model fits (n¼ 59 peptides), along with FDR
adjusted p-values.

Construction of the proteomic panel

Prior to conducting the bootstrapping feature-selection pro-
cedure, we made the analytic decision to alter the penalty
factor utilised by the Lasso model. Specifically, we fixed the
Lasso penalty for insulin-like growth factor-binding protein 3
(IGFBP-3) so that IGFBP-3 would always be included in each
bootstrap model. We based this decision upon the systematic
review of the stroke protein biomarker literature by Whiteley
et al. (2009) who found that insulin-like growth factor con-
sistently emerges as a significant stroke biomarker in multiple
studies. In addition, we incorporated the QC proportion of
unreliable integration as a penalty factor in the Lasso model.

Table 2 shows the final proteomic panel (n¼ 16 peptides)
with frequency of selection by the bootstrapping procedure.
A logistic regression model predicting the binary diagnosis of
mimic versus TIA was fit to the data using the final prote-
omic panel. The standardised coefficients of the model, along
with p-values, are reported in Table 2 as descriptive
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indicators of the significance of each peptide in the panel for
differentiating mimic from TIA, adjusted for the presence of
the other panel peptides. A positive coefficient value implies
that the estimated probability of TIA is higher for patients
with higher relative abundance of the corresponding peptide,
when all other peptides are held fixed, and vice versa for a
negative coefficient value. With the exception of IGFBP-3, the
signs of the coefficients (i.e. positive or negative) for the pep-
tides in the panel are consistent with the odds ratios
reported in Supplementary Table S2 for the robust single-
predictor logistic regression analysis.

Figure 2 shows box plots for the selected peptides. The
final biomarker panel included 9 of the 15 peptides that
were found to have a significant single-predictor relation
(FDR <0.2) to the binary diagnosis outcome (TIA versus
Mimic): (a) L-selectin (LSEL), (b) IGFBP-3, (c) Coagulation fac-
tor X (FX), (d) Serum paraoxonase/lactonase 3 (PON3), (e)
Thrombospondin-1 (TSP-1), (f) Hyaluronan-binding protein 2
(HABP2), (g) Heparin cofactor 2 (HCII), (h) Apolipoprotein B-
100 (Apo B-100) and (i) von Willebrand factor (vWF).

Figure 3 shows a linear discriminant analysis plot of the
final panel.

Discussion

The final panel selected consisted of 16 proteins of which 9
were also significant univariate predictors of TIA (FDR <0.2).
To better contextualise the scientific relevance of the pro-
teins in our panel, we briefly discuss some of the significant
proteins in the panel in light of previous studies.

In our study, higher plasma levels of L-selectin (LSEL) were
observed to be predictive of mimic conditions. Previous stud-
ies have observed that LSEL is a potential cardiac disease
marker, with higher levels being predictive of cardiovascular
disease (Savoia and Schiffrin 2007). Haught et al. (1996), how-
ever, found patients with coronary artery disease to have
lower levels of LSEL than controls. Haught et al. (1996) dem-
onstrated, in vitro, that stimulation of leukocytes resulted in a
rapid down-regulation of surface LSEL to levels comparable
to that of leukocytes from cardiovascular patients. Haught
et al. (1996) posit that leukocyte stimulation caused by the

atherosclerotic inflammatory process may account for the
lower levels of LSEL observed in cardiovascular patients. The
findings of our study would be consistent with this hypoth-
esis, given the vascular aetiologies of TIA.

Hyaluronan-binding protein 2 (HABP2) is known for its
role in coagulation and activation of coagulation factor VII
(FVII) and pro-urokinase (pro-uPA) (Bustamante et al. 2016).
Due to its role in coagulation, HABP2 has been implicated in
a number of atherosclerotic diseases. A polymorphism of the
HABP2 gene, known as Marburg I, is present in 5% of the
Caucasian population (McVey 2012) and has been associated
with increased risk of ischaemic stroke (Trompet et al. 2011),
carotid stenosis (Willeit et al. 2003), atherosclerosis (Ireland
et al. 2004) and venous thromboembolism (Hoppe et al.
2005). Parahuleva et al. (2008), have also found increased lev-
els of HABP2 in unstable atherosclerotic plaque. In a study
investigating the relation between HABP2 levels and the
effectiveness of tPA on post-stroke recanalization,
Bustamante et al. (2016) found that lower plasma levels of
HABP2 were associated with greater recanalization. Hanson
et al. (2012) found higher plasma levels of HABP2 to be asso-
ciated with ischaemic stroke compared to controls; elevated
HABP2 levels were observed both in the acute phase and
3months post-stroke. In our study, higher plasma levels of
HABP2 were significantly associated with lower TIA risk. This
finding is contrary to previously reported results which would
instead suggest an increase in TIA risk with increasing plasma
levels. Although we cannot account for this discrepancy,
HABP2 was still a significant univariate predictor in our study,
suggesting a physiological relation between HABP2 and TIA
status.

In our panel, increased levels of vascular endothelial
growth factor D (VEGF-D) were predictive of TIA/minor
stroke. Previous studies have found expression of VEGF to be
up-regulated following ischaemic events (Lennmyr et al.
1998, Faller 1999, Plate et al. 1999, Conway et al. 2003), often
within 1–3 h and reaching peak levels 24–48 h after the event
(Croll and Wiegand 2001), with up-regulation localised pri-
marily at the site of ischaemia (Zhang and Chopp 2002).

We found increased levels of adiponectin (ADPN) to be
predictive of TIA/minor stroke. Increased levels of ADPN have

Table 2. Peptides selected by bootstrap Lasso procedure with frequency of peptide selection across bootstrap samples (n¼ 300).

Protein Peptide Sequence Frequency of Selection B p

Insulin-like growth factor-binding protein 3 FLNVLSPR 300 0.036 0.812
Vascular endothelial growth factor D DLIQHPK 228 0.351 0.001
L-selectin AEIEYLEK 224 �0.301 0.015
Apolipoprotein B-100 FPEVDVLTK 183 0.139 0.253
Myeloblastin LVNVVLGAHNVR 183 �0.252 0.022
Adiponectin GDPGLIGPK 171 0.383 0.003
Thrombospondin-1 GPDPSSPAFR 166 0.196 0.105
Plasma serine protease inhibitor AAAATGTIFTFR 163 0.177 0.154
Hemopexin NFPSPVDAAFR 161 0.309 0.095
Coagulation factor X TGIVSGFGR 158 �0.349 0.048
Serum paraoxonase/lactonase 3 ILIGTVFHK 157 �0.271 0.042
Coagulation factor V AEVDDVIQVR 156 0.182 0.300
von Willebrand factor ILAGPAGDSNVVK 108 0.131 0.261
Heparin cofactor 2 TLEAQLTPR 108 �0.439 0.015
Hyaluronan-binding protein 2 DEIPHNDIALLK 106 �0.296 0.047
Coagulation factor IX SALVLQYLR 106 0.534 0.007

B: standardised regression coefficient from logistic regression model to predict diagnosis (0¼Mimic, 1¼ TIA); p: p-value from logistic
regression model.
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Figure 2. Box plots of proteins in the biomarker panel. TIA Pos.: TIA Possible; TIA Def.: TIA Definite; log2: log2 of relative abundance (ratio of abundance of
NAT/SIS).
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been associated with atherosclerotic damage (Hern�andez-
Romero et al. 2012), persistent atrial fibrillation (Shimano
et al. 2008), increased risk of atrial fibrillation in elderly
patients (Macheret et al. 2015) and increased stroke risk
(Prugger et al. 2012). Atrial fibrillation is a recognised risk fac-
tor for ischaemic stroke (Wolf et al. 1991). Although other
studies have found decreased levels of ADPN post-ischaemic
event (Efstathiou et al. 2005, Marousi et al. 2010, Pera et al.
2013), our study focussed on patients whose ischaemic
events occurred within 24 h of blood collection (median:
6.75 h; IQR ¼3.42–16.97). For this reason, we speculate that
the role of ADPN in our panel is as a marker of vascular dam-
age prior to the ischaemic event, rather than as a prognostic
marker of longer term outcome, and that it may be related
to an anti-inflammatory effect (Efstathiou et al. 2005, Marousi
et al. 2010). The significant finding of ADPN in our study is in
agreement with previous studies of stroke protein biomarkers
which have also reported a consistent relationship between
adiponectin and ischaemic stroke (Whiteley et al. 2009).

In our panel, higher plasma levels of serum paraoxonase/
lactonase 3 (PON3) were significantly associated with a
reduced risk of TIA. PON3 is one of the three paraoxonase
proteins, and has been found to have antioxidant effects and
to be involved in the inflammatory process (Bourquard et al.
2008). In humans, the main site of PON3 production is the

liver (Bourquard et al. 2008), with PON3 associated with circu-
lating high-density lipoprotein (HDL) (Ng et al. 2005). PON3
has been observed to both prevent the oxidation of low-
density lipoprotein (LDL) and to inactivate already oxidised
LDL (Reddy et al. 2001). Marsillach et al. (2015) have also
found patients with sub-clinical atherosclerosis to have lower
levels of PON3 associated with HDL. In transgenic mice (i.e.
mice with the human PON3 gene), Shih et al. (2007)
observed reduced development of atherosclerotic lesions and
obesity in male transgenic mice compared to control mice.
Given these findings, several researchers have hypothesised
that PON3 serves an important role in the prevention of ath-
erosclerotic disease (Shih et al. 2007, Bourquard et al. 2008,
Marsillach et al. 2015). The results of our study further sup-
port the association of decreased PON3 levels with athero-
sclerotic disease, via the aetiological role of atherosclerosis in
the development of TIA.

Coagulation factor X (FX) is a known marker of cardiac dis-
ease (Redondo et al. 1999). In our study, increased levels of
FX were found to be predictive of TIA/minor stroke. FX has
been found to be significantly higher in acute-phase ischae-
mic stroke patients compared to stroke patients 1–4 years
post-event (Gissel et al. 2010), as well as in stroke patients
2months post-event compared to healthy controls (Biasiutti
et al. 2003).

Figure 3. Linear discriminant analysis plot of proteins in the biomarker panel, with 50% confidence ellipses. TIA Pos.: TIA Possible; TIA Def.: TIA definite.
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Heparin cofactor II (HCII) functions to inactive thrombin
and is therefore involved in the modulation of blood coagu-
lation. HCII is responsible for approximately 20–30% of
thrombin inactivation during coagulation (Rau et al. 2007,
Bhakuni et al. 2016). HCII is unique in that, in the extravascu-
lar lumen, it inhibits only thrombin and no other proteins
involved in the coagulation process (Parker and Tollefsen
1985). Plasma concentrations of HCII have been found to
decrease with age (Aihara et al. 2004), with higher levels
associated with reduced risk of peripheral arterial disease in
the elderly (Aihara et al. 2009). Higher levels of HCII may also
be preventative of ischaemic stroke (Toulon et al. 2008).
Aihara et al. (2004) found that after controlling for patient
age, sex and diabetes status, higher HCII levels were more
negatively correlated with carotid atherosclerosis than with
HDL in elderly patients. The finding in our study that higher
HCII levels were predictive of mimic conditions is in keeping
with the results of these previous studies.

Plasma serine protease inhibitor, also known as protein C
inhibitor (PCI), is primarily created in the liver and partici-
pates in haemostasis and fibrinolysis to modulate coagulation
(Rau et al. 2007). PCI may function as either an anticoagulant
in the presence of heparin, or as a procoagulant in the pres-
ence of thrombomodulin (Pike et al. 2005). PCI is a known
inhibitor of the anticoagulant protease, activated protein C
(APC) (Pike et al. 2005). Previous studies have linked the com-
plex of APC and PCI (i.e. APC-PCI), to atherosclerosis (K€olbel
et al. 2006). Elevated plasma levels of PCI have been associ-
ated with myocardial infarction, acute coronary events and
risk of reinfarction (Carroll et al. 1997), as well the develop-
ment of thrombosis (Meijers et al. 2002). PCI has also been
found to inhibit fibrinolysis by inhibiting urokinase-type plas-
minogen activator (uPA) and tPA (Suzuki 2008). The finding
in our study that higher PCI levels were predictive of TIA
conditions is in keeping with the results of these previous
studies.

In our study, we found vWF to be a significant univariate
predictor of TIA/minor stroke, with higher levels of vWF
being associated with diagnoses of TIA/minor stroke.
Moreover, vWF was also selected by the Lasso procedure as
a predictor in our biomarker panel. vWF is physiologically
involved in hemostatis and platelet adhesion (Luo et al.
2012), and in the context of TIA/minor stroke, has been
viewed as a marker of endothelial dysfunction (Lip and Blann
1997, Wieberdink et al. 2010). Previous studies have demon-
strated a relationship between higher levels of vWF and tran-
sient ischaemic attack and stroke (Qizilbash et al. 1997,
Bongers et al. 2006, Lip et al. 2006, Menih et al. 2017). In a
prospective study, Wieberdink et al. (2010) found elevated
plasma levels of vWF to be a prognostic biomarker of stroke
risk in patients >55 years of age who were stroke-free at
baseline assessments. High plasma levels of vWF have also
been associated with heart disease, and myocardial infarction
(Lip et al. 2006, Kraft et al. 2014). Lip and Blann (1997) found
elevated levels of vWF to be associated with atrial fibrillation,
with vWF levels unaffected by use of anticoagulation medica-
tion. In contrast to prior studies, Bustamante et al. (2017) did
not observe vWF to be a significant predictor of stroke in a
large validation cohort of 767 patients. Our study, like that of

Bustamante et al., also employed a relatively larger sample
size (n¼ 545) than that commonly observed in prior studies
(n< 200). The results of our study, nevertheless, are consist-
ent with those of previous studies. Our finding that higher
levels of vWF are associated with TIA/minor stroke contrib-
utes to the scientific understanding of the relation between
vWF and TIA/minor stroke, although further replication
appears to be required to clarify the relation.

In our study, we found IGFBP-3 to be a significant univari-
ate predictor of TIA/minor stroke, with higher levels of IGFBP-
3 predictive of mimic conditions. Previous studies have found
lower levels of IGFBP-3 to be associated with cardiovascular
disease (Kaplan et al. 2007), and ischaemic stroke (Schwab
et al. 1997, Johnsen et al. 2005). Our results are consistent
with those reported by previous studies. In contrast,
Bustamante et al. (2017) did not observe a significant relation
between IGFBP-3 levels and diagnosis of stroke. However,
Bustamante et al reported that measurements of IGFBP-3 evi-
denced an inter-assay coefficient of variation >20% between
their interim and validation datasets. This variability in meas-
urement may account for the differences in findings between
their study and prior studies.

Conclusion

Our aim in the current study was to investigate a large num-
ber (n¼ 141) of candidate plasma protein biomarkers for evi-
dence of differential relative abundance between mimic and
TIA patients seen in an ED setting, and to construct a bio-
marker classifier panel using a smaller number of these pro-
teins. We examined the role of time from symptom onset to
blood draw on plasma protein levels in relation to diagnosis
of TIA. Our study did not find any substantial relationship
between the timing of blood draw and the ability of protein
levels to differentiate mimic from TIA conditions. Of the 59
peptides passing QC, we then constructed a biomarker panel
of 16 proteins which showed differential abundance between
mimic and TIA patients. We will validate this proposed bio-
marker panel in the second phase of the SpecTRA study
(n¼ 600).

Our biomarker panel contains a large number of cardiac
protein biomarkers which are consistent with previous bio-
marker studies (Whiteley et al. 2009). As Whiteley (2011) has
suggested, the heterogeneity of stroke aetiologies likely pre-
cludes the possibility of finding an individual protein bio-
marker that is consistently associated with all stroke sub-
types. Extrapolating upon this idea, cardiac and vascular risk
factors for stroke are likely associated with multiple stroke
aetiologies, which would account for their consistent inclu-
sion in biomarker panels across multiple studies, including
our own. Although we excluded patients with haemorrhagic
stroke in our study, it is very likely that our biomarker panel
may also be relevant to this patient population, as both
ischaemic and haemorrhagic share common cardiovascular
risk factors. Future research would be needed to confirm this
supposition.

A limitation of our study is that 82 of our initial candidate
proteins were difficult to measure reliably because – even
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with the added sensitivity of MRM – their proteotypic pepti-
des were below the limit of detection for one-dimensional
LC/MRM-MS. These candidate proteins may, however, still be
potential biomarkers of TIA if measured using a different,
more sensitive quantitation technique which included enrich-
ment of the target peptides or proteins (e.g. enzyme-linked
immunosorbent assay). Both SISCAPA (stable isotope stand-
ards and capture by anti-peptide antibodies) (Anderson et al.
2004) and immuno-tandem mass spectrometry (iMALDI)
(Jiang et al. 2007, Popp et al. 2017), for example, utilise
enrichment of the target peptides by anti-peptide antibodies.
Both methods avoid the problem of antibody cross-reactivity
because they utilise mass spectrometric detection of the tar-
get peptides and thus provide a higher level of analyte speci-
ficity. However, because of the high cost of antibody
production, methods involving enrichment may be better
suited for validation of a smaller number of biomarkers,
rather than projects involving biomarker discovery (Whiteaker
et al. 2007, Paulovich et al. 2008, Makawita and Diamandis
2009, Borchers and Parker 2010, Rodriguez et al. 2010,
Addona et al. 2011).

The fact that the targeted peptide was based on an assay
for biomarker detection in non-depleted and non-enriched
plasma on a 1D-LC/MRM-MS platform may also account for
the large number of cardiac protein biomarkers within our
panel. It is likely that proteins related to the ischaemic cas-
cade would be of low abundance in plasma, as their site of
production and up-regulation would be localised to the
affected brain region. Further, the abundance of such ischae-
mic proteins in peripheral circulation would be a direct func-
tion of the extent of blood-brain barrier damage. For this
reason, such proteins may be difficult to accurately measure
in plasma without quantitation techniques utilising enrich-
ment. In contrast, cardiac protein biomarkers could be
expected to be encountered in greater abundance in blood
plasma as (a) the site of their production potentially involves
the entire circulatory system (e.g. systemic atherosclerotic
inflammatory processes), and (b) such biomarkers are
endogenous to the circulatory system (i.e. no intervening
blood-brain barrier).

In conclusion, our study has identified a panel of 16
plasma protein biomarkers with which to differentiate mimic
from TIA patients in ED settings. A strength of our study is
that our sample consisted of presenting patients enrolled dir-
ectly in the ED, and therefore represents the target popula-
tion in which a blood test for TIA would be clinically used.
Several of the proteins in our panel are known to have scien-
tifically plausible associations with TIA. Our study adds to the
literature on TIA plasma protein biomarkers by corroborating
and replicating the findings of other studies. Specifically, our
study confirms the findings that adiponectin, heparin cofac-
tor II, and von Willebrand factor are reliable predictors of TIA
and stroke. Future work will validate the diagnostic perform-
ance of our panel in an independent cohort of ED patients.
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