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ABSTRACT: SARS-CoV-2 infection causes a significant reduction
in lipoprotein-bound serum phospholipids give rise to supra-
molecular phospholipid composite (SPC) signals observed in
diffusion and relaxation edited 1H NMR spectra. To characterize
the chemical structural components and compartmental location of
SPC and to understand further its possible diagnostic properties,
we applied a Statistical HeterospectroscopY in n-dimensions (SHY-
n) approach. This involved statistically linking a series of
orthogonal measurements made on the same samples, using
independent analytical techniques and instruments, to identify the
major individual phospholipid components giving rise to the SPC
signals. Thus, an integrated model for SARS-CoV-2 positive and
control adults is presented that relates three identified diagnostic
subregions of the SPC signal envelope (SPC1, SPC2, and SPC3) generated using diffusion and relaxation edited (DIRE) NMR
spectroscopy to lipoprotein and lipid measurements obtained by in vitro diagnostic NMR spectroscopy and ultrahigh-performance
liquid chromatography−tandem mass spectrometry (UHPLC−MS/MS). The SPC signals were then correlated sequentially with (a)
total phospholipids in lipoprotein subfractions; (b) apolipoproteins B100, A1, and A2 in different lipoproteins and
subcompartments; and (c) MS-measured total serum phosphatidylcholines present in the NMR detection range (i.e., PCs:
16.0,18.2; 18.0,18.1; 18.2,18.2; 16.0,18.1; 16.0,20.4; 18.0,18.2; 18.1,18.2), lysophosphatidylcholines (LPCs: 16.0 and 18.2), and
sphingomyelin (SM 22.1). The SPC3/SPC2 ratio correlated strongly (r = 0.86) with the apolipoprotein B100/A1 ratio, a well-
established marker of cardiovascular disease risk that is markedly elevated during acute SARS-CoV-2 infection. These data indicate
the considerable potential of using a serum SPC measurement as a metric of cardiovascular risk based on a single NMR experiment.
This is of specific interest in relation to understanding the potential for increased cardiovascular risk in COVID-19 patients and risk
persistence in post-acute COVID-19 syndrome (PACS).

■ INTRODUCTION

SARS-CoV-2 infection causes a complex range of immunolog-
ically driven systemic effects in multiple organ systems, and
this manifests as multiple biochemical pathway disruptions.1,2

Some of these abnormalities are dependent on the severity of
the disease in the acute phase and may show long-term
persistence associated with PACS.3 In addition to the cytokine
panel proposed as an early indicator of individuals likely to
develop PACS,4 we previously advocated using metabolic
markers as indicators of phenotypic recovery (phenoreversion)
associated with disease remission.5,6 Metabolic markers can be

derived from mass spectrometry (MS) or NMR spectroscopy
measurements of biofluids such as plasma to give a broad
palette of functional windows with which to assess recovery.
COVID-19 has multiple associated pathologies including

Received: December 13, 2021
Accepted: February 18, 2022
Published: March 1, 2022

Articlepubs.acs.org/ac

© 2022 The Authors. Published by
American Chemical Society

4426
https://doi.org/10.1021/acs.analchem.1c05389

Anal. Chem. 2022, 94, 4426−4436

D
ow

nl
oa

de
d 

vi
a 

11
0.

22
.1

69
.8

0 
on

 M
ar

ch
 1

6,
 2

02
2 

at
 0

7:
35

:2
6 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Reika+Masuda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+Lodge"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luke+Whiley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicola+Gray"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+Lawler"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Philipp+Nitschke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sze-How+Bong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sze-How+Bong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Torben+Kimhofer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruey+Leng+Loo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Berin+Boughton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annie+X.+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Drew+Hall"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hartmut+Schaefer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hartmut+Schaefer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Spraul"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Girish+Dwivedi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bu+B.+Yeap"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tammo+Diercks"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganeko+Bernardo-Seisdedos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ganeko+Bernardo-Seisdedos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+M.+Mato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+C.+Lindon"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elaine+Holmes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oscar+Millet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+Wist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julien+Wist"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeremy+K.+Nicholson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.analchem.1c05389&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05389?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05389?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05389?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05389?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.1c05389?fig=abs1&ref=pdf
https://pubs.acs.org/toc/ancham/94/10?ref=pdf
https://pubs.acs.org/toc/ancham/94/10?ref=pdf
https://pubs.acs.org/toc/ancham/94/10?ref=pdf
https://pubs.acs.org/toc/ancham/94/10?ref=pdf
pubs.acs.org/ac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.analchem.1c05389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/ac?ref=pdf
https://pubs.acs.org/ac?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/


cardiovascular and neurological diseases,7,8 and there is much
interest in assessing how long-term disease risks might also
change for people who have been afflicted by COVID-19 and
PACS and in the development of new metrics for assessment.
High-resolution 1H NMR spectroscopy has long been used

to study the biochemical composition and variation of blood
serum in health and disease.9−13 Multiple methods involving
both physical NMR experiments and statistical spectroscopic
approaches6,7 have been applied to recover information on the
complex heterogeneous and multicompartmental components
(metabolites,14,15 glycoproteins,16,17 and lipoproteins11,18−20)
in plasma or serum. A key analytical advantage provided by
NMR spectroscopy is the ability to study supramolecular
assemblies such as lipoproteins in blood plasma or serum
nondestructively using a variety of spectral editing techniques
to attenuate broad macromolecular NMR signal envelopes.21

Additionally, translational diffusion editing can also be
employed using pulsed-field gradients22,23 for the selective
attenuation of signals from small molecules that diffuse rapidly
in solution. Motional editing in two-dimensional experi-
ments24−26 can also be combined with T2 relaxation as in
diffusion and relaxation editing27,28 (DIRE) 1H NMR
spectroscopy. DIRE enhances signals from molecules that
exhibit slow translational diffusion rates that also have a high
level of local segmental motion. DIRE NMR experiments when
applied to the plasma of SARS-CoV-2 positive and negative
and control patients revealed a strong diagnostic pattern
involving lipoprotein-bound phospholipid and glycoprotein
signals.28 Additionally, we and others have shown that NMR-
generated lipoprotein signals are profoundly altered in SARS-
CoV-2 infection28−32 and that some of these lipoproteins give
further information on cardiovascular disease risk factors that
can then be statistically linked to novel disease biomarkers.
A range of statistical spectroscopic methods have been

shown to be powerful for metabolite identification,33 structure
elucidation, pathway connectivity, and compartmental analysis.
Both Statistical TOtal Correlation SpectroscopY (STOCSY34)
and Statistical HeterospectroscopY (SHY35) approaches are
complementary to the conventional NMR structure assign-
ment and have the advantage of being able to statistically link
structural and chemical components that have been measured
in parallel using different spectroscopic experiments.36 We
previously applied STOCSY methods to observe the relation-
ships of the differential diagnostic cluster of lipoprotein-related
−+N−(CH3)3 headgroup signals from phospholipids that we
designated as a supramolecular phospholipid composite signal
or SPC (observable in DIRE spectra), which was diagnostic in
SARS-CoV-2 infection.28 The SPC signal shows considerable
underlying complexity,37 and here, we have used an extended
range of statistical spectroscopic tools and complementary
serum mass spectrometry for both control and SARS-CoV-2
positive patients to probe the signal for the SPC complex in
terms of molecular composition and compartmentation. Thus,
for the same serum samples, we integrated and correlated both
the paired SPC signal data with phospholipidomic data38 and
in vitro diagnostic lipoprotein data with quantified phospho-
lipid subfraction data and apolipoprotein B100, A1, and A2
data.39 In this way, we were able to strengthen our
understanding of the location, composition, and potential
diagnostic value of the SPC peaks, particularly in relation to
cardiovascular disease risk, both in general and in COVID-19
related cardiovascular complications.

■ MATERIALS AND METHODS

Patient Enrollment and Sample Collection. Blood
serum samples were collected from adult individuals in a study
initiated at CIC bioGUNE. Healthy control serum samples
were collected under equivalent conditions before the COVID-
19 pandemic. The cohort consisted of control participants (n =
99) and participants who tested positive for SARS-CoV-2
infection from RT−PCR on nasopharyngeal swab samples (n =
32), collected at the Cruces University Hospital (Barakaldo,
Spain). All of the information available about the cohort
demographics is summarized in Table S1. Serum samples were
collected by the Basque Biobank for Research (BIOEF), in
which participants provided informed consent to clinical
investigations, according to the Declaration of Helsinki, and
data were anonymized to protect participant confidentiality.
The sample-handling protocol was evaluated and approved by
the Comite ́ de Ética de Investigacioń con medicamentos de
Euskadi (CEIm-E, PI+CES-BIOEF 2020-04 and PI219130).
The shipment of human samples to the Australian National
Phenome Centre (ANPC) had the approval of the Ministry of
Health of the Spanish Government. Samples were stored at
−80 °C upon receipt at the Australian National Phenome
Center (ANPC). Samples were imported under Import Permit
0004275122 issued by the Australian Government Department
of Agriculture, Water and the Environment. Research was
conducted in accordance with the Murdoch University Human
Ethics Committee approval (no. 2020/052 and 2020/053).

Materials. SampleJet NMR tubes of 5 mm outer diameter,
POM balls for sealing the tube caps, and phosphate buffer (75
mM Na2HPO4, 2 mM NaN3, and 4.6 mM sodium
trimethylsilyl propionate-[2,2,3,3-2H4] (TSP) in H2O/D2O
4:1, pH 7.4 ± 0.1) were purchased from Bruker.

NMR Sample Preparation. Serum samples were thawed
at 20 °C for 30 min and then centrifuged at 13,000g for 10 min
at 4 °C. Samples were prepared in 5 mm outer diameter
SampleJet NMR tubes, following the recommended proce-
dures for in vitro analytical and diagnostics procedures20 using
300 μL of serum mixed with 300 μL of phosphate buffer. NMR
SampleJet tubes were sealed with POM balls added to the caps.
Processing procedures were compliant with our previous
recommendations on sample handling and storage for COVID-
19 samples.40

600 MHz Proton NMR Spectroscopy and In Vitro
Diagnostic Experiments. NMR spectroscopic analyses were
performed on a 600 MHz Bruker Avance III HD spectrometer
equipped with a 5 mm BBI probe and fitted with the Bruker
SampleJet robotic cooling system set to 5 °C. A full
quantitative calibration was completed before the analysis
using a previously described protocol.20 For each sample a
single one-dimensional (1D) NMR experiment was performed
using the Bruker In Vitro Diagnostics research (IVDr)
methods, and the standard 1D experiment was performed
with solvent presaturation (32 scans, 98k data points, spectral
width of 30 ppm, and experiment time of 4 min). Regression
experiments were performed to quantify 112 parameters of
main serum lipoprotein classes and subclasses using the Bruker
IVDr Lipoprotein Subclass Analysis (B.I.LISA) method.39 This
was completed by quantifying the −CH2 (δ = 1.25) and −CH3
(δ = 0.8) peaks of the 1D spectrum after normalization to the
Bruker QuantRef manager within Topspin using a PLS-2
regression model. The lipoprotein subclasses included different
molecular components of very low-density lipoprotein (VLDL,

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.1c05389
Anal. Chem. 2022, 94, 4426−4436

4427

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.1c05389/suppl_file/ac1c05389_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.1c05389?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


0.950−1.006 kg/L), low-density lipoprotein (LDL, density
1.09−1.63 kg/L), intermediate-density lipoprotein (IDL,
density 1.006−1.019 kg/L), and high-density lipoprotein
(HDL, density 1.063−1.210 kg/L). The LDL subfraction
was further divided into six density classes (LDL1, 1.019−
1.031 kg/L; LDL2, 1.031−1.034 kg/L; LDL3, 1.034−1.037
kg/L; LDL4, 1.037−1.040 kg/L; LDL5, 1.040−1.044 kg/L;
and LDL6, 1.044−1.063 kg/L), and the HDL subfractions
were placed in four different density classes (HDL1, 1.063−
1.100 kg/L; HDL2, 1.100−1.125 kg/L; HDL3, 1.125−1.175
kg/L; and HDL4, 1.175−1.210 kg/L). Table S2 contains a full
description of the lipoprotein parameters.
Diffusion and Relaxation Editing (DIRE) NMR Spec-

troscopy. Upon completion of the standard 1D experiment
with solvent presaturation, the DIRE experiment was run with
64 scans, 98k data points, a spectral width of 30 ppm, and with
a total experiment time of 4 min 25 s per sample.28

Data Preprocessing and Statistical Evaluation. All data
points of the standard 1D spectrum with water suppression

and DIRE spectra were corrected for quantification to account
for variability within the instrument, and the 1D spectrum was
calibrated to the α anomeric proton signal of glucose at δ 5.23.
The DIRE spectrum was baseline corrected using an
asymmetric least-squares routine; spectral regions containing
the residual water peak (δ 4.50−4.90) and regions containing
predominantly noise (δ < 0.4 and δ > 9.5) were excluded from
the analyses. To obtain signal estimates of the SPC peaks
spectral intensities of the regions, SPC1 δ 3.20−3.236; SPC2 δ
3.236−3.262; and SPC3 δ 3.262−3.30, were integrated from
the DIRE spectra after preprocessing. The Spearman’s
correlation coefficient (r) for these three integrals amounted
to values ranging between 0.6 and 1.

LC−MS/MS Lipid Analysis. Lipid analysis was performed
by ultrahigh-performance liquid chromatography−tandem
mass spectrometry (UHPLC−MS/MS) according to pre-
viously established data acquisition, processing, and analysis
workflows.38 Serum samples were thawed, and 10 μL aliquots
were placed into a 96-well plate, to which 90 μL of extraction

Figure 1. NMR spectra of representative serum samples. (A−C) The standard 600 MHz 1D water-suppressed NMR spectrum, the water-
suppressed CPMG spin-echo NMR spectrum, and the DIRE NMR spectrum of normal human blood serum for a healthy (black trace) and SARS-
CoV-2 infected (red trace) patient, respectively. The spectra are typical, showing a broad envelope of proton resonances from lipoproteins and
proteins (A), a series of well-resolved signals from small molecules (B), and well-resolved signals from slow-diffusing species with a high degree of
local segmental motion resulting from combined diffusion and T2 relaxation editing (C). Expansions of the −+N−CH3 region for each are also
shown with the complex overlapped SPC peaks being clear in (C). The SPC peak has been partially assigned in previous studies and was thought to
have both HDL and LDL phospholipid components.37,43,44
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solvent (propan-2-ol) containing stable-isotope-labeled inter-
nal standards (LipidyzerTM Internal Standard Kit from Sciex
(Framingham, MA), SPLASH(R) LIPIDOMIX(R), Lyso PI
17:1, Lyso PG 17:1, and Lyso PS 17:1 (Avanti Polar Lipids,
Alabaster, AL)) was added. Samples were shaken for 10 min
and chilled at −20 °C for 20 min before centrifugation at
3900g for 15 min at 4 °C. The resulting supernatants were
transferred to a 96-well plate and placed in an autosampler
chilled to 10 °C for analysis. Pooled reference serum samples
were analyzed as quality control (QC) samples to monitor
analytical performance, prepared as per study samples and
injected following every 10th sample injection. Peak picking
and data normalization were conducted using SkylineMS41 and
in-house-developed R scripts. Concentrations were calculated
using stable-isotope-labeled internal standards. Analytes were
excluded if the relative standard deviation exceeded 30% in the
quality control samples. Signal drift was accounted for using
random forest signal correction (QC-RFSC) from the
statTarget R library.42

Statistical HeterospectroscopY (SHY) Analysis. To
understand further information carried in the SPC peaks, we
have applied the SHY experimental concept35 to integrating
orthogonal spectroscopic data sets captured for identical
samples and extended this to n-spectroscopic dimensions
(SHY-n). In this case, we included SPC intensity data for the
DIRE spectra (the first dimension), lipoprotein phospholipid
concentration and compartment information in the second
virtual dimension (SHY-1 experiment), lipoprotein biological
risk biomarker information in the third virtual dimension
(SHY-2 experiment), and MS-generated phospholipid data in
the fourth virtual dimension (SHY-3 experiment).

■ RESULTS AND DISCUSSION

NMR Spectroscopy of Serum. The first aim of this work
was to uncover the chemical and compartmental nature of the
previously identified “SPC” signal and to further understand its
possible diagnostic properties. Here, the multicomponent SPC
peak is generated from the DIRE NMR experiment as
described previously28 and is the residual intensity in a
combined relaxational and translational diffusion editing
experiment. We related the SPC intensity variation to metrics
obtained from different NMR experiments performed with the
same serum samples. Thus, a number of data sets generated
from the same sample set were statistically linked to the DIRE-
generated SPC peak using SHY.35 Experimental details of all
NMR spectroscopic experiments including DIRE are detailed
in Figures 1 and S1, whereas Figure 1A,B describes the
lipoprotein signature and most common small-molecule peaks
together with the glycoprotein acetyl peaks at δ 2.03 and δ
2.07, which are commonly referred to as GlycA and GlycB in
the literature. The DIRE spectra in Figure 1C highlight the
methylene groups of the choline moiety connected to the
−+NMe3 residue of SPC and some ring protons of N-
acetylglucosamine and N-acetylneuraminic acid, which are
associated with GlycA and GlycB. These additional features are
usually not detected in a conventional single pulse or CPMG
experiment due to signal overlap.

Interrogating the SPC NMR Signal Complex in Intact
Serum. Previous work indicated that the SPC complex signal
represented more than one phospholipid species in several
magnetic (compartmental) environments.28,37,44 To under-
stand the distribution of the information content across the
SPC peak complex, we first calculated the two-dimensional

Figure 2. The internal correlation structure of the SPC peak complex: Autocorrelation (STOCSY) heatmaps of the SPC spectral region using
DIRE NMR experiments and selected serum lipid components. Three distinct SPC spectral high-correlation regions are observed with chemical
shift boundaries optimized using Spearman’s rs (range 0.6−1.0). (A) Controls and (B) SARS-CoV-2 infected patients. Lower panels show
correlations of SPC signals with lipoprotein phospholipid components derived from the IVDr measurements on the same samples: H4PL (SPC1),
HDPL (SPC2), and LDPL (SPC3). SPC1 and SPC2 are mainly from HDL phospholipids, and SPC3 is from LDL phospholipids.
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STOCSY (autocorrelation) plot for the region of interest (δ
3.2−3.3), and these plots are shown for control and SARS-
CoV-2 infected patients in Figure 2A,B, respectively. Despite
the different spectral profiles and intensities, the signals for
SARS-CoV-2 patients being weaker than those from controls,
we observed that the autocorrelation signatures are similar with
three distinct regions of autocorrelation with median Spear-
man’s correlation coefficient (rs) values in the range of 0.6−1

(Figure 2). We had previously suggested more simplistically
that these peaks correspond to HDL and LDL fractions as
SPC-A and SPC-B, respectively.28,37,44 But further inves-
tigation of the internal correlations between the SPC signal
envelope reveals more complexity. The correlation map with
the IVDr-generated lipoprotein phospholipid components
shows further lipoprotein subfraction definition by density as
follows: HDL4 (SPC1 δ 3.20−3.236); HDL1, 2, and 3 (SPC2 δ

Figure 3. Overview of the Statistical HeterospectroscopY in n-dimensions (SHY-n) approach to interrogating the SPC NMR signal complex. The
SHY-n method serially correlates (A) the segments of the composite SPC peak, SPC1, SPC2, and SPC3 with (B) phospholipids (SHY-1), (C)
apolipoproteins A1 and B100 (SHY-2) modeled from standard water-suppressed NMR spectra,20 and (D) lipids measured by targeted liquid
chromatography−mass spectrometry (LC−MS) (SHY-3). Each cell is divided in half as explained in the inset, to display the results for control
(left) and SARS-CoV-2 positive people (right). The color code describes the Spearman correlation coefficient that ranges from negative (blue =
anticorrelation) to positive (red = correlation) values. Only significant correlations are shown. For each variable (row), the mean and standard
deviation are displayed on the right-hand side, both for control and infected (acute phase) participants. On the top, an infographic illustrates the
lipoprotein fractions and their constituents. Special colors associate compounds with the measurement that quantifies them: the choline group of
phospholipids (black) with dIffusion and relaxation edited (DIRE) NMR experiment, lipids (yellow and dark blue) with targeted LC−MS, and
phospholipids fractions and the apolipoprotein A1 (pink) and B100 (light blue) with the NMR IVDr method.
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3.236−3.262); and LDL total phospholipids (SPC3 δ 3.262−
3.30). A more detailed correlation of the SPC peaks in relation
to other lipoprotein compartments is also shown in Figure 3.
The high correlation of chemical shift variables that

following the main diagonal of the correlation matrix indicates
three signal cluster groups for SPC carry the same statistical
information and thus can be integrated as three individual SPC
regions for further statistical analysis. It is worth noting that the
three SPC regions do not necessarily align with peak apexes
present in each individual trace because of the differential
overlap of the embedded signals (see Figure S1a and b). A
statistical heterospectroscopic analysis in relation to the
lipoprotein phospholipids enabled annotation of the peaks as
described above. The designations SPC1, SPC2, and SPC3
supersede our previous annotation of “SPC-A” and “SPC-B”,28

which were based on the centroids of the chemical shifts of the
main fractions visible to NMR, HDL and LDL, rather than
their spectroscopic information contents across the SPC
chemical shift regions.37,44

Statistical HeterospectroscopY of SPC Peaks in n-
Dimensions (SHY-n). The approach to heterospectroscopic
statistical correlation is illustrated further in Figure 3A, which
shows the integrated SPC1, SPC2, and SPC3 regions in relation
to other orthogonally measured data sets of the same sample. A
structural comparison of the major lipoproteins in relation to
their phospholipid and apolipoprotein locations is presented in
Figure 3A. The relationships between the various SHY-n
dimensions for NMR and MS together with a key for
interpreting the various SHY-n submaps are also shown in
Figure 3A.
Analysis of the SPC signals in Relation to Lipoprotein

Phospholipids (SHY-1). The first level of the SHY
experiment (SHY-1) is generated from the IVDr NMR data
on the phospholipid-containing compartments in LDL and
HDL subfractions with both structural and compartmental
contributions (Figure 3B). Full IVDr measurements on each
serum sample were made using Bruker B.I.LISA software, and
all data are tabulated in Table S2. We extracted the individual
values for each of the lipoprotein phospholipid compartments
from this set and correlated those with the SPC integrals. The
correlation coefficients between the integrated SPC regions
and each lipoprotein phospholipids were color-coded and split
to show the controls (left half of the semicircle) and the SARS-
CoV-2 patients (right half of the semicircle) in what we term a
“Half-SHY” plot within the 2D SHY array (DIRE NMR to
lipoprotein phospholipids). The numerical values of the
coefficients of determination of a linear model, adjusted r2,
for each relationship are also displayed. High correlations were
observed for SPC3 and the total phospholipid fraction in the
main LDL lipoprotein class (LDPL), and SPC2 and the total
phospholipid fraction in HDL (HDPL) (Figures 2 and 3B).
Previously published reports19,37,44,45 and further experimental
evidence28 confirming our previous findings support that SPC3
and SPC2 stem from the LDL and HDL phospholipid choline
headgroups. The strong correlation between H3PL and H4PL
(phospholipids in the HDL subfractions 3 and 4) and SPC1 is
consistent with prior observations of shifts toward lower
frequencies of protons in the choline headgroup as the density
of the lipoprotein increases.28,37,45

The Half-SHY plots are found to be similar for both control
and infected patients, as shown in Figure 3B, which is expected
in this SHY dimension as the two techniques are measuring the
same compounds. Discrepancies are explained by the fact that

only three statistical regions are considered for SPC, although
each region stems from several broad and overlapped
contributions of lipoprotein subfractions. In controls, SPC3 is
dominated by LDL phospholipids (particularly in LDL1, 3, 4,
and 5 with high adjusted r2 values) and a smaller contribution
from HDL4. The LDL contributions to SPC3 are lowered in
SARS-CoV-2 positive individuals.28,46,47 SPC2 is dominated by
HDL contributions (HDL subfractions 1−3) in both control
and SARS-CoV-2 patients with an additional contribution
from LDL1, LDL2, and LDL3 subfractions, but the absolute
levels of HDL phospholipids are reduced in SARS-CoV-2
infection (Figure S5). SPC1 is dominated by HDL3 and HDL4
phospholipid components, and these are of interest because
the small high-density lipoproteins that are depleted in SARS-
CoV-2 infection also contain high levels of fibrinolytic
proteins48,49 that may be related to the significant thrombo-
sis/clotting disorder associated with this disease, as previously
reported,50,51 and therefore, HDL4, SPC3, and SPC1 might also
carry information on blood clotting events (although this
remains to be investigated).

SPC Correlations with Cardiovascular Apolipoprotein
Risk Markers (SHY-2). The second level of SHY applied here
also exemplifies the power of statistical correlation as it allows
the association of different compounds that are in the same
biological compartment. IVDr methods predict serum
concentrations of multiple apolipoproteins that are cardiovas-
cular risk markers, based on previous assumptions about their
presence in lipoproteins.52,53 We note that the SPC regions are
highly correlated with several of these components through
their compartmental sharing connectivity that is revealed in
another dimension of the SHY-n matrix (SHY-2, Figures 3C
and S6). This has no chemical NMR contribution because the
apolipoproteins A1 and B100 do not contain choline moieties,
but they share a common compartment with the phospholi-
pids. We note that SARS-CoV-2 infection has relatively little
influence on the distribution of the connectivity to the various
SPC components. The serum ApoB100/A1 ratio is a well-
established marker of cardiovascular,54 atherosclerosis,55,56,58

and myocardial infarction risks.54,57 We have previously shown
that SARS-CoV-2 infection is associated with a reduction in
ApoA1 but with no significant changes to ApoB100.28 The
ApoB100 is mainly associated with the LDL component, and
the ApoA2 in HDL1 and HDL2 mainly correlates with the
SPC2 region intensity, whereas the ApoA2 in HDL3 and
HDL4 mainly correlates with SPC1 (Figure 3C). There
appears to be little direct diagnostic value in ApoA2 with
respect to SARS-CoV-2 infection, so it is not considered
further here, although we note that ApoA2 is an important
marker in many other diseases including diabetes and cancers
so the SPC2 NMR region may have further diagnostic value
that remains to be investigated.
The SPC3 regions (particularly LDL subfractions 3, 4, and 5

(Figure 3C)) are highly correlated with the total ApoB100/A1
ratio (ABA1) in controls and to a lesser extent, but still highly
significant, in the infected patients. The SPC3/SPC2 ratio
correlates with the ABA1 ratio and so appears to be a new
surrogate marker for cardiovascular risk. The high level of
cardiovascular risks in COVID-19 patients is well docu-
mented59−61 and echoes the increased presentation of
myocardial infarction following the outbreak of the first
SARS virus in 2003.62 Notably, the SPC2 region is strongly
anticorrelated to the ABA1 level (Figure 3C). In general, SPC3
correlates strongly with the apolipoprotein B100, while SPC2
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correlates strongly with ApoA1 parameters. Consequently,
there is a strong correlation/anticorrelation pattern between
the ApoB100/ApoA1 ratio (ABA1) and SPC3 and SPC2,
respectively (or with LDAB/HDA1 in Figure 4B). As SHY-2
already confirmed that SPC3 stems from the LDL subfraction
that is known to carry exactly one unit of ApoB100 per
particle, the first correlation is expected.54 The anticorrelation
between ABA1 and SPC2 was not expected. It is also worth
noting that this anticorrelation is a rare case where the
association is stronger for the infected group than the controls.
There are multiple strong correlations between SPC2 and the
apolipoproteins in control and SARS-CoV-2 infected individ-
uals.
Serum apolipoprotein A1, which transports lipids out of

endothelial cells,63 is particularly reduced in COVID-19
(Figure 3C).64 SPC2 is highly correlated with ApoA1 in
HDL fractions 1−3 and SPC1 to ApoA1 in H4, so SPC2 can
also be hypothesized to be a valuable cardiovascular risk
marker. To test this further, we plotted the SPC3/SPC2 ratio
against the ApoB100/ApoA1 ratio for both healthy controls
and SARS-CoV-2 positive individuals and found them to be
highly correlated (r = 0.85 and 0.86), respectively, with p = 2.2
× 10−16 and 1.67 × 10−9, respectively (Figure 4A). Similarly, a
test with the SPC3/SPC2 ratio against the ApoB100 in LDL/
ApoA1 in the HDL ratio (Figure 4B) shows a slightly lower
correlation than that shown in Figure 4A (r = 0.75 and 0.85,
respectively, with p = 2.2 × 10−16 and 6.54 × 10−10,
respectively).
SPC Peak Linkage to LC−MS-Generated Serum

Phospholipid Data (SHY-3). In the last level of SHY-n,
the SPC integral regions were linked to LC−MS-generated
quantitative lipidomic data (SHY-3, Figure 3D) obtained from
the measurement of the same sample set. We focused only on
the phospholipids with concentrations in the 1H NMR

detection range to statistically link to the SPC signals, i.e.,
those likely to dominate the signal intensity. The means and
standard deviations (Table S3) of the individual phospholipid
concentrations for the control and SARS-CoV-2 patients (the
latter printed in red) are shown in Figure 3D, while their
statistical significance between infected and control groups is
shown in Figures S3−S5. The majority of these phospholipids
(9 out of 10 of those in the NMR detection range, Table S3)
were significantly reduced in the SARS-CoV-2 patients, as
previously reported.38 Reduction in MS-measured phospholi-
pids has been noted before in COVID-19 patients by others.67

The pairwise statistical correlations of the individual
phospholipids to the three SPC regions are shown in Figure
3D. The coefficients of determination sum to >1 because there
is a degree of autocorrelation of the lipid components (they all
decrease in SARS-CoV-2 infection to varying extents), as
shown in the Supporting Data (targeted LC−MS lipid
autocorrelation plots for control and COVID-19 patients in
Figure S3). Nonetheless, these give estimates of which lipids
contribute to the SPC components. All of the phospholipids
included here contribute to the SPC3 region in the control
samples, and all of the phosphatidylcholines to SPC1 and SPC2
with a small contribution to SPC2 variance from LPC 16:0
(Figure 3D).
In addition to changes in the phospholipid concentrations

(Figure 3), we noted a change in the relationships of the SPC
phospholipids between controls and SARS-CoV-2 patients.
Specifically, lysophosphatidylcholine (LPC) 18:2 was increased
in LDL (SPC3) and HDL (SPC2), whereas phosphatidylcho-
lines, PC16:0/18.2, PC18:0/18:2, PC18:1/18:2, and PC18:2/
18:2, were relatively reduced with weaker correlations to the
SPC2 and SPC3 peaks. This is consistent with earlier
observations on these lipid peaks in SARS-CoV-2 infection.67

Increased activity of phospholipase A2 (PLA2)68,69 is directly

Figure 4. Relationships between SPC signal intensities and cardiovascular disease risk markers: (A) Regression of the DIRE-derived SPC3/SPC2
ratio against the apolipoprotein B100/A1 ratio for control (black) and SARS-CoV-2 positive (red) individuals. (B) Regression of the DIRE-derived
SPC3/SPC2 ratio against the apolipoprotein B100 in LDL/A1 in the HDL ratio for control (black) and SARS-CoV-2 positive (red) individuals. (A)
SPC3/SPC2 ratio for the whole data set was regressed against the ApoB100/ApoA1 ratio, a dummy variable for groups and the interaction of the
two regressors. The significance of the latter (2.16 × 10−3) indicates that the ratio is affected differently for both groups. Consequently, the two
groups were modeled separately yielding a higher coefficient for the control group (coeff.: 0.48) than for the SARS-Cov-2 positive group (coeff.:
0.33). (B) The SPC3/SPC2 ratio for the whole data set was regressed against the ApoB100 in LDL/ApoA1 in HDL, a dummy variable for groups
and the interaction of the two regressors. The significance of the latter (2.46 × 10−2) indicates that the ratio is affected differently for both groups.
Consequently, the two groups were modeled separately yielding a higher coefficient for the control group (coeff.: 0.50) than for the SARS-Cov-2
positive group (coeff.: 0.36). A colormap representing the cardiovascular risk for men based on ABA1 according to the work of Walldius et al.54,65,66

is shown in the background. In men, the apolipoprotein B100/A1 ratio of 0.4−0.7 is considered as low risk, 0.7 to 0.9 as medium risk, and 0.9 and
higher as high risk of developing cardiovascular disease. Although several individuals in the control group are found in the red “at risk” region, this
number was higher in the infected group.
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associated with the lipoprotein and is an independent marker
of cardiovascular risk,70 which can cleave a 16:0, 18:0, 18:1, or
18:2 fatty acid chain from each of the four PCs producing LPC
18:2.71 Given the known long-term clinical effects of SARS
(SARS-CoV-1 virus) and persistence of symptoms in a high
proportion of SARS survivors since 2003,62 it is important to
note that COVID-19 exceeds the number of SARS cases by
several orders of magnitude, and thus, PACS has the potential
to overwhelm our health systems and economies. SARS
persistent complications included chronic fatigue, hyper-
lipidemia, cardiovascular abnormality, and long-term increased
rates of glycolysis linked to comprehensive elevations of plasma
phosphatidylinositols and lysophosphatidylinositols.72 There-
fore, any biomarker that has the potential to identify
individuals at risk, thereby allowing earlier and more effective
intervention is of critical value. In a recent large-scale statistical
study (153,760 COVID-19 patients, 5,637,647 contemporary
controls, and 5,859,411 historical controls) of COVID-19
outcomes at 1 year of disease onset, it was shown that the
burden of cardiovascular disease is substantial.73 This caused a
variety of cardiac complications (inflammatory and ischemic
heart disease, thrombotic disorders, heart failures, and
dysrhythmia) even in nonseverely affected COVID-19 patients,
resulting in an excess burden of more than 4% of all outcomes
measured at the 12-month postacute phase. This potentially
represents a staggering increase in cardiovascular risk world-
wide given that over 400 million people have now contracted
or are recovering from the disease. Thus, there is a critical need
for identification of new, noninvasive markers of cardiovascular
risk.

■ CONCLUSIONS
We have characterized the serum SPC NMR signal regions
observed in healthy and SARS-CoV-2 positive patients with
respect to lipoprotein subcompartments and lipidic speciation
using a Statistical HeterospectroscopY in n-dimensions (SHY-
n) approach. This enables molecular composition, compart-
mentation, and biological relationships of the SPC peaks to be
eestablished. In turn, this demonstrates the power of combined
diffusion and relaxation spectroscopic methods with statistical
spectroscopic methods for exploring compartmentally localized
biomarkers of disease, where both concentration and molecular
motion contribute to the diagnostic features of the biomarker.
We detected strong correlations between the SPC peaks and
NMR-generated apolipoprotein B100/A1 ratio, which itself is a
well-established biomarker for cardiovascular, atherosclerosis,
and myocardial infarction risk. We conclude that in addition to
the diagnostic potential of the SPC signals in relation to
COVID-19 diagnosis, they also carry important information
about the structure and distributions of atherogenic plasma
lipoproteins in the circulation. Thus, SPC NMR signals may
provide information on long-term cardiovascular risks for
COVID-19 patients and other patient subgroups.
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