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ABSTRACT: The coronavirus disease 2019 (COVID-19) pandemic
continues to ravage the world, with many hospitals overwhelmed by the
large number of patients presenting during major outbreaks. A rapid triage
for COVID-19 patient requiring hospitalization and intensive care is
urgently needed. Age and comorbidities have been associated with a higher
risk of severe COVID-19 but are not sufficient to triage patients. Here, we
investigated the potential of attenuated total reflectance Fourier-transform
infrared (ATR-FTIR) spectroscopy as a rapid blood test for classification of
COVID-19 disease severity using a cohort of 160 COVID-19 patients. A
simple plasma processing and ATR-FTIR data acquisition procedure was
established using 75% ethanol for viral inactivation. Next, partial least-
squares-discriminant analysis (PLS-DA) models were developed and tested
using data from 130 and 30 patients, respectively. Addition of the ATR-
FTIR spectra to the clinical parameters (age, sex, diabetes mellitus, and hypertension) increased the area under the ROC curve (C-
statistics) for both the training and test data sets, from 69.3% (95% CI 59.8−78.9%) to 85.7% (78.6−92.8%) and 77.8% (61.3−
94.4%) to 85.1% (71.3−98.8%), respectively. The independent test set achieved 69.2% specificity (42.4−87.3%) and 94.1%
sensitivity (73.0−99.0%). Diabetes mellitus was the strongest predictor in the model, followed by FTIR regions 1020−1090 and
1588−1592 cm−1. In summary, this study demonstrates the potential of ATR-FTIR spectroscopy as a rapid, low-cost COVID-19
severity triage tool to facilitate COVID-19 patient management during an outbreak.

At the end of 2019, humankind faced one of the most
significant ongoing threats in the form of Severe Acute

Respiratory Syndrome Coronavirus 2 (SARS-CoV-2). After
rapidly spreading throughout the world, the World Health
Organization (WHO) declared COVID-19 (coronavirus
disease 2019) to be a global pandemic on March 11, 2020.1

The initial symptoms of COVID-19 include fever, dry cough,
and strenuous breathing. Despite global public health
measures, the spread of SARS-CoV-2 has continued through-
out the world, with more than 157 million infections recorded2

as of May 8, 2021. The recent emergence of SARS-CoV-2
mutations with higher infection rates3 may further overwhelm
the already overburdened healthcare infrastructure, causing
shortages of intensive care unit (ICU) beds, oxygen ventilators,
and medical staff.
While some patients suffer mild symptoms and recover,

around one in five patients requires intensive care for
pneumonia with acute respiratory distress syndrome
(ARDS). Risk factors for severe COVID-19 have been
identified, including older age, heart diseases, cancer, and
diabetes.4,5 However, these comorbidities/risk factors are not
sufficient to predict disease severity, and several clinical

measures have been investigated to predict COVID-19
severity, including chest X-ray, MRI, serum biochemistry and
proteomics, WBC count, lymphocyte count, creatinine level,
bilirubin levels, D-dimer, and C-reactive protein.6,7 While these
additional clinical tests show promise, a simple, rapid test at
the point of patient admission would transform hospital
management during crises.
Attenuated total reflectance Fourier-transform infrared

(ATR-FTIR) spectroscopy is a rapid chemical measurement
technique, which has been deployed with a multivariate
statistical model for the classification of diseases. Two recent
studies reported the potential of ATR-FTIR as a rapid
screening test for COVID-19 using plasma8 or nasopharyngeal
swab.9 Given the reported blood biochemistry changes in
severe COVID-19 disease,6,7 we hypothesized that ATR-FTIR
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spectra of plasma samples would differentiate between severe
and non-severe disease. Herein, we developed a predictive
algorithm for COVID-19 disease stratification into severe and
non-severe COVID-19 using ATR-FTIR spectra, in addition to
clinical variables that are available to the physician at the point
of admission.

■ EXPERIMENTAL SECTION

Participants and Samples. All plasma samples were
collected with approval from the Institute Ethics Committee,
IIT Bombay, and Kasturba Hospital for Infectious Diseases,
Institutional Review Board. Experiments were performed as
per Institutional Review Board guidelines, following policies
and regulations for the involvement of human subjects.
Blood was collected in an EDTA vacutainer from confirmed

and suspected individuals who visited Kasturba Hospital,
Bombay, following infection control protocol approved by the
World Health Organization (WHO) and Indian Council of
Medical Research (ICMR). Plasma was isolated by centrifug-
ing blood at 10 000 rpm for 5 min. Plasma samples left over
after clinical diagnostic use were aliquoted into cryovials (∼1
mL) stored at −80 °C.
The severity of cases was defined by O2 saturation less than

90% observation and other clinical complications such as
bilateral pneumonia and/or ground-glass opacity, and/or has
bilateral crests or have acute respiratory distress syndrome.
Plasma Sample Processing and ATR-FTIR Spectral

Acquisition. Plasma was thawed on ice, and a 100 μL aliquot
was added to a sterile tube containing 300 μL chilled absolute
ethanol (Merck) and vortexed briefly. Ethanol-treated plasma
samples were stored at −20 °C until spectral acquisition. For
acquisition, samples were thawed on ice and each sample was
vortexed before 1 μL was placed on the crystal and allowed to
dry.
FTIR spectra were measured within the 4000 to 650 cm−1

wavenumber regions using a Cary 630 (Agilent) spectrometer
coupled with the ATR module. The ATR detection diamond
was cleaned with 100% v/v ethanol and background spectra
were acquired before every acquisition. A 1 μL portion of the
sample was placed on the ATR crystal and air-dried
(approximately 30 s). Background and sample spectra were
acquired at a spectral resolution of 8 cm−1 with 64 scans per
measurement. The instrument parameters are apodization
Happ Genzel, phase correction Mertz, and set method gain
218. Sample spectra were recorded in technical duplicates.
Statistical Analysis and Algorithm Development.

FTIR spectra were exported for analysis using JMP Pro
(version 15.2.1). Regions 4000−3701 cm−1 were removed as
initial studies established that this region tended to have
variable background without distinct peaks. Technical
duplicates were averaged. For each data set, spectra were
normalized by the area under the curve (AUC) using the
formula AUCsample/AUCaverage for data set. Smoothing used a 9-
point Savitzky−Golay filter. Partial least-squares-discriminant
analysis (PLS-DA) was used with a NIPALS fit. The number of
factors was set to four based on leave one out cross-validation.
Age was entered as a continuous variable while sex,
hypertension, and diabetes mellitus were entered as discrete
variables. Variable importance scores were calculated and
plotted with a stringent cutoff of 1. Contingency analysis was
used to calculate sensitivity and specificity.

■ RESULTS
Sample Preparation Method Development. A simple,

standardized method was established for ATR-FTIR spectra
acquisition using the Cary 630, which also complies with
biosafety procedures.10−12 Prepared plasma samples (in 75%
ethanol v/v) was vortexed and then 1 μL was deposited on the
ATR crystal and allowed to dry before spectra acquisition using
set parameters as stated in the Experimental Section. The
reproducibility of FTIR spectra acquired using this method was
confirmed by acquiring spectra of the same sample multiple
times and by three different research analysts (data not
shown). During this study, ethanol-inactivated plasma samples
were incubated at −20 °C overnight. However, the freezing
step is not necessary and incubation at −20 °C for 0, 4, 8 h,
and overnight produced similar results (Figure S1).

FTIR Spectra Acquisition. Plasma samples from 160
clinicopathologically confirmed SARS-CoV-2 patients (positive
for E, ORF, RdRp, and N genes by RT-PCR) were procured
from Kasturba Hospital, Mumbai, and randomly divided into
two cohorts based on the time of data acquisition. There were
130 samples in the training set for predictive model
development and 30 samples in the blind testing set (Table
S1). As a quality control step, correlation analysis between the
two cohorts reported r = 0.99 for Pearson pairwise group
correlation (Figure S2).
The severity of cases was revealed from clinical data after

FTIR data acquisition (Table 1). Severe patients were

significantly older than non-severe patients and enriched for
the comorbidities of hypertension and diabetes mellitus. There
was no difference between sex in the two groups.

Predictive Model Development. For model develop-
ment, technical duplicate spectra were averaged for each
sample, and then spectra for the 130 training samples were
normalized by AUC. Full clinical data could not be obtained
for two patients and were discarded from further study. In
total, 128 samples were used for model building, with the input
of age, sex, hypertension, diabetes mellitus, and FTIR spectra.
Figure 1a shows the average spectra for the severe and non-
severe groups, which are very similar overall and comparable to
previous reports of FTIR of plasma and serum.13,14

Multivariate statistics using PLS-DA was conducted on the
data set, including the clinical parameters age, sex, hyper-
tension, and diabetes mellitus. After leave-one-out cross-
validation, the minimum root mean PRESS was 0.874 43 and
the minimizing number of factors was 4. Variable importance
of the projection (VIP) scores were used to determine the
importance of parameters in the model15 (Figure 1b). VIP

Table 1. Participant Characteristics

Training set Severe Non-severe

number 52 78
age (years) median range 58.5 (32−77) 50.5 (22−79)
sex male 33 (63%) 54 (59%)
comorbidities hypertension 25 (48%) 25 (32%)

diabetes mellitus 25 (48%) 14 (17%)
Blind test set Severe Non-severe

number 17 13
age (years) median range 63 (40−80) 45 (18−69)
sex male 12 (71%) 9 (70%)
comorbidities hypertension 8 (47%) 2 (15%)

diabetes mellitus 7 (41%) 2 (15%)
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scores combine the variable’s contribution to both the
response variable (Y) and the latent X factors and denote
the relative contribution of the variable (i.e., clinical parameter
or specific IR wavelengths) to COVID-19 severity prediction.
The strongest predictor for COVID-19 severity was diabetes
mellitus with a VIP score of 2.9 (Figure 1b). A comparison of
the VIP score plot in Figure 1b with the averaged spectra in
Figure 1a shows that the FTIR regions important in
distinguishing severe from non-severe COVID-19 are not the
highest peaks in the raw spectra. The insets in Figure 1a
illustrate the small but observable differences between the
average spectra of severe and non-severe COVID-19 groups.
The region 1020−1090 cm−1 had VIP scores between 1.85 and
2.05 and may correspond to saccharide C−O stretching16,17

and phosphate (PO2
−).9 The second highest FTIR spectral

VIP region 1588−1592 cm−1 with a VIP score of 1.72 has been
described as a primary amine peak (N−H bending).18 These
speculative biological assignments remain to be confirmed
experimentally.
Having developed predictive models, we next asked if the

use of FTIR spectra improved COVID-19 severity prediction
above the clinical parameters alone as assessed by the C-
statistic (area under the ROC curve) and cross tabulation of
predicted versus actual outcomes (confusion matrix) (Figure

1c, d). The addition of FTIR data improved the C-statistics
from 69.3 to 85.7%, primarily driven by the increased
sensitivity from 49.0 to 62.7%.

Predictive Model Evaluation. Finally, we evaluated the
performance of the predictive model using the 30 independent
samples set aside for evaluation. The severity status of these
samples was blinded to the researchers acquiring the FTIR
spectra and the statistician. We observed visually similar raw
average spectra and consistent differences in the two major
VIP regions between severe and non-severe groups (Figure 2a

inset). The C-statistics and confusion matrix showed that
addition of the FTIR data to clinical parameters improved the
C-statistic from 77.8 to 85.1%. Sensitivity was improved from
41.2 to 94.1%, but specificity was reduced from 84.6 to 69.2%
(Figure 2b, c).

■ DISCUSSION
We report the development of a simple, high sensitivity,
virtually reagent-free ATR-FTIR blood test for use in
conjunction with existing patient data for first-line COVID-
19 triage. The COVID-19 pandemic continues to ravage the
world, with infection surges overwhelming health system
intensive care resources in many countries globally. The assay
developed here aimed to assist frontline physicians in the rapid
triaging of diagnosing COVID-19 patients.
The potential of ATR-FTIR as a rapid COVID-19 screening

test was recently reported in two papers,8,9 using serum or
nasopharyngeal swab samples. While the same technology was
used, the studies asked different research questions (COVID-
19 severity prediction versus COVID-19 screening) and used
different sample types and statistical models. A further key
difference in our study is the sample preparation and data

Figure 1. Developing PLS-DA model for COVID-19 disease severity
from plasma ATR-FTIR spectra. (a) Averaged raw spectra for severe
(red) and non-severe (blue) groups, with insets showing the two
highest scoring VIP regions. Secondary derivatives are shown in
Figure S3. (b) VIP plot showing relative contributions of FTIR
regions and clinical variables to the predictive model. (c) Receiver
operating curve analysis comparing predictive models using clinical
parameters alone (age, sex, hypertension, diabetes mellitus) and with
the addition of FTIR data. (d) Contingency table for the two models.
AUC, under the curve; VIP, variable importance of the projection.

Figure 2. Independent evaluation of the PLS-DA model for COVID-
19 disease severity. (a) Averaged raw spectra for the test set, with
insets showing the two highest scoring VIP regions. Secondary
derivatives are shown in Figure S3. (b) Receiver operating curve
analysis. (c) Contingency table. AUC, under the curve; VIP, variable
importance of the projection.
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acquisition method. To minimize interference from solvent
peaks, we acquired spectra after solvents were evaporated from
the ATR-FTIR crystal, choosing 75% ethanol as a rapid and
practical inactivation and sample preparation. The use of
solvent facilitates sample drying on the ATR-FTIR crystal, with
the 1 μL sample generally dry within 30 s, compared to the 3−
5 min reported by Zhang et al.8 Zhang and colleagues used
heating at 65 °C for 30 min to inactivate samples; the
inactivation step was not reported by Barauna et al.9

In the study design, an external, double-blind validation
cohort was included in the current study and in that of Barauna
et al.9 but not in the work of Zhang et al.8,9 As the initial
training data are used for developing and tuning the
multivariate statistics model, having external data evaluation
is an important step to establish the performance of an
algorithm. Furthermore, our study included the clinical
parameters age, sex, diabetes mellitus, and hypertension as
well as a broad FTIR spectral range (3500−900 cm−1) in the
PLS-DA model, while both Zhang and Barauna8,9 focused on
the fingerprint region. While the strongest FTIR peaks for
COVID severity prediction were within the fingerprint region,
the regions between 3050 and 3275 cm−1 also contributed to
the signature in this study.
It is interesting to note the overlap in the selection of the

region 1050−1090 cm−1 in all three studies, despite the
different research question (detection versus severity pre-
diction) and sample types (plasma, serum, swab). Specifically,
1035 and 1080 cm−1 had the highest VIP scores for severity
prediction in our study, while Zhang et al.8,9 identified 1050−
1100 cm−1 in serum for COVID-19 infection and 1041, 1069,
and 1084 cm−1 were included in the five variables identified by
Barauna et al.9 for COVID-19 detection using swabs. While
Barauna et al.9 assigned these bands to PO2

− and C−O in
nucleic acids and ribose, respectively, Zhang et al.8,9 attributed
the band at 1078 cm−1 to phospholipids, as free nucleic acids
are low in serum, while phospholipids were reported to be
altered in severe COVID-19 patient serum.19 The exact
biological interpretation of these bands requires further
experimental confirmation in future studies.
Also interesting is the lack of predictive value in the amide

regions in our study. Zhang et al.8,9 identified 1632 cm−1 as
potentially indicative of the β-pleated sheet characteristic
feature of the immunoglobulin domain, which was previously
reported (1631 cm−1) to be elevated in hepatitis B (HBV) and
hepatitis C (HCV) viral infected sera.20 Acute antibody
responses were detected in patients infected with SARS-CoV-
2,21 with severe patients likely to show early elevated SARS-
CoV-2-specific IgG compared to non-severe patients, albeit
with a broad variability.22 The lack of predictive value of the
characteristic immunoglobulin in our cohort may be due to the
heterogeneity and time-specific nature of the immunoglobulin
response to SARS-CoV-2.21−23 Future studies should inves-
tigate this point by collecting time-series plasma samples and
using days from symptom onset as a parameter in the analysis.
The finding that diabetes mellitus had the strongest

contribution to the predictive model is in agreement with
the epidemiology reports that older age and comorbidities
diabetes mellitus and hypertension increase the risk of severe
COVID-19.24 The highest VIP scored FTIR regions may
correlate to saccharides, although additional confirmatory
experiments will be required. Age, hypertension, and several
other FTIR regions also contributed to the developed COVID-
19 severity prediction algorithm. Hypertension and diabetes

mellitus have been associated with a high risk of cardiovascular
complications, including cardiac arrest, thus leading to the
fatality of severe patients.24,25 It has been observed that in
addition to extensive dysregulation in amino acid metabolism
and energy-related pathways such as mannose metabolism,
glutathione dysregulation and its deficiency lead to an
increased risk of fatality in severe patients.26 Future studies
integrating FTIR spectral biomarkers with metabolomics may
allow a more precise assignment of the VIP FTIR peaks
observed in this study.
The strengths of this study include the rapid sample

preparation and ATR-FTIR data acquisition methodology and
the development of a multivariate algorithm combining ATR-
FTIR and clinical data. While there were 128 samples in the
training data set, the independent data set comprised only 30
samples. Future studies should increase the sample size to
increase the predictive performance.

■ CONCLUSION
ATR-FTIR is a promising technology for rapid, real-time
COVID-19 triaging. The simplicity of the sample preparation
and spectral acquisition method developed here can be easily
undertaken by clinical laboratory personnel. The multivariate
prediction model developed in this study could be
implemented on the same data acquisition computer, allowing
the rapid return of results to facilitate clinical decision making.
The lower cost and robust ATR-FTIR instrumentation is a
further advantage compared to more expensive omics or
cytokine panel tests, considering that the pandemic likely will
persist in both developed and developing countries for the next
months to years. The availability of a rapid, simple, and
economic COVID-19 patient triaging test will facilitate
hospitals to prioritize severe patients in a timely manner,
potentially reducing the overall ongoing fatalities from
COVID-19.
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