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OBJECTIVES: Leukocytes are first responders to infection. Their activa-
tion state can reveal information about specific host immune response and 
identify dysregulation in sepsis. This study aims to use the Raman spec-
troscopic fingerprints of blood-derived leukocytes to differentiate inflam-
mation, infection, and sepsis in hospitalized patients. Diagnostic sensitivity 
and specificity shall demonstrate the added value of the direct characteri-
zation of leukocyte’s phenotype.

DESIGN: Prospective nonrandomized, single-center, observational phase-
II study (DRKS00006265).

SETTING: Jena University Hospital, Germany.

PATIENTS: Sixty-one hospitalized patients (19 with sterile inflammation, 
23 with infection without organ dysfunction, 18 with sepsis according to 
Sepsis-3 definition).

INTERVENTIONS: None (blood withdrawal).

MEASUREMENTS AND MAIN RESULTS: Individual peripheral blood leu-
kocytes were characterized by Raman spectroscopy. Reference diagnostics 
included established clinical scores, blood count, and biomarkers (C-reactive 
protein, procalcitonin and interleukin-6). Binary classification models using 
Raman data were able to distinguish patients with infection from patients 
without infection, as well as sepsis patients from patients without sepsis, with 
accuracies achieved with established biomarkers. Compared with biomarker 
information alone, an increase of 10% (to 93%) accuracy for the detection 
of infection and an increase of 18% (to 92%) for detection of sepsis were 
reached by adding the Raman information. Leukocytes from sepsis patients 
showed different Raman spectral features in comparison to the patients with 
infection that point to the special immune phenotype of sepsis patients.

CONCLUSIONS: Raman spectroscopy can extract information on leuko-
cyte’s activation state in a nondestructive, label-free manner to differentiate 
sterile inflammation, infection, and sepsis.

KEY WORDS: biomarker; immune response; infection and inflammation; 
leukocytes activation; Raman spectroscopy; sepsis diagnosis

Sepsis is a life-threatening multiple organ dysfunction due to infection 
resulting in high mortality (1). The progression from infection to sepsis 
is characterized by a complex dysregulated host response (2–4). This 

complexity cannot be fully mapped by available biomarkers. Diagnostic ac-
curacy of biomarkers to differentiate sepsis from the immune response to se-
vere, noninfectious stimuli or from localized infection with a regulated host 
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response is therefore limited (5). New diagnostic 
strategies are needed to yield detailed information 
on the immunological host response of the patient.

Leukocytes are an interesting research target as they 
orchestrate the response of the immune system against 
infection and, thus, can provide insights into the host 
response (6). The immune system of individuals deter-
mines tolerance or resistance to infection, as well as 
a special predisposition to progress to sepsis (7–9). 
Activation of innate and adaptive immunity during in-
fection and sepsis leads to molecular and functional 
changes of leukocytes (10, 11). The importance of leuko-
cytes for assessment of the host response has been rec-
ognized by several studies: for example, a sepsis-induced 
immunosuppression a few days after sepsis onset was 
shown in neutrophils (12), leading to a higher presence 
of immature neutrophils during systemic inflammation 
(13). The volume of immune cells was found to change 
during severe infection and sepsis (14, 15), and the al-
tered response of immune cells in sepsis can be deter-
mined by changes in the phenotype of leukocytes (16).

Raman spectroscopy is a label-free, nondestructive 
method and can characterize the biochemical composi-
tion of leukocytes by analyzing the inelastically scattered 
light from the cells after laser illumination. The Raman 
spectrum can be regarded as a molecular fingerprint of 
the whole cell (17) (Fig. 1). This fingerprint allows to dis-
tinguish different leukocyte subpopulations (18–22) and 
can reveal their specific activation state, as was shown 
for in vitro stimulated monocytes (23), neutrophils (24), 
T-lymphocytes (25), and macrophages (26) and also for 
T-lymphocytes after in vivo activation in an endotox-
emia mouse model (27). The translation to patient diag-
nostics and patient stratification has not yet been shown, 
and the HemoSpec study is the first to do so.

The goal of this study was to assess the potential of 
Raman spectroscopy for leukocyte phenotyping and 
as a diagnostic tool in sepsis and acute systemic in-
flammation. For this, we characterized leukocytes of 
hospitalized patients using Raman spectroscopy in a 
diagnostic phase-II trial with the aim to detect sepsis 
and differentiate patients with infection.

MATERIALS AND METHODS

Study Design and Patients

The study “Spectroscopic differentiation of leuko-
cytes and detection of their activation patterns for 

rapid differentiation of systemic inflammatory reac-
tions in the early diagnosis of sepsis” (HemoSpec) 
was a prospective, single-center, diagnostic phase-II 
study, registered at the German clinical trials register 
(DRKS00006265) and approved by the local ethics 
committee (approval number: 4004-02/14, ethic com-
mission of Jena University Hospital). Patients were in-
cluded if they were above or equal to 18 years old and 
had 1) systemic inflammation with at least one systemic 
inflammatory response syndrome (SIRS) criterion 
without infection, 2) infection without organ dysfunc-
tion, and 3) sepsis as defined according to Sepsis-3 
(28), and written informed consent was obtained. All 
patients showed least one SIRS criterion: 1) either fever 
greater than 38.0°C or hypothermia less than 36.0°C, 
2) tachycardia greater than 90 beats/min, 3) tachypnea 
greater than 20 breaths/min, or 4) leukocytosis greater 
than 12 × 109/L or leukopenia less than 4 × 109/L.

Excluded were patients with HIV infection, immu-
nosuppressive medications, malignancies, neutropenia 
less than 1,000/mm3 of noninfectious genesis, or im-
munodeficiency of noninfectious genesis.

All patients were identified by experienced study 
personal, and the classification was confirmed by a 
physician. In preparation of the article, all cases were 
reviewed by another physician certified in critical care 
medicine and with extensive research experience in 
sepsis and infection research, including chart review. 
All cases of infection or sepsis were classified as mi-
crobiologically or clinically proven (Table 1). Patients 
with SIRS needed to have a causing inflammatory 
stimulus (e.g., cardiac surgery) and at least one SIRS 
criterion.

Clinical information (blood count, biomarkers, 
demographic information) were entered into a web-
based clinical trial database system (OpenClinica; 
LLC, Waltham, MA).

Blood Sampling

Blood samples were obtained following standard 
protocols within 24 hours from patients after being 
diagnosed with sepsis and from patients with inflam-
mation within 24 hours after admission to the hospital 
or after causative surgery. An aliquot of 500 µL blood 
from EDTA blood was used for Raman spectroscopy. 
Further blood samples were used for measuring au-
tomated blood cell counts  and biomarker analysis 
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(procalcitonin, C-reactive protein [CRP], interleukin 
[IL]–6). More details are presented in Supplemental 
Digital Content (http://links.lww.com/CCX/A583).

Leukocytes Isolation

Blood collection protocols and leukocyte isolation 
procedure have been published previously (18). 
Briefly, it involves RBC lysis using NH4Cl solution, 

centrifugation-based collection of leukocytes, chem-
ical fixation with formaldehyde, and resuspen-
sion in phosphate buffered saline. For the Raman 
measurements, leukocytes were spin-coated onto 
CaF2 slides using a cell suspension of 1 × 106 leuko-
cytes/100 µL 0.9% NaCl solution. For more details, 
see Supplemental Digital Content (http://links.lww.
com/CCX/A583).

Figure 1. Schematics visualizing the Raman effect and highlighting the molecular origin of different Raman spectra of leukocytes in 
different disease states. The Raman spectrum plots the wavelength shift Δλi as Raman intensity over wavenumber νi = 1⁄Δλi. Origin 
of that wavelength shift is the inelastic scattering of the monochromatic excitation light with wavelength λ0 on the different molecular 
vibrations of the chemical components in the leukocytes. Upon infection or exposure to pathogens, most immune cells undergo dramatic 
rewiring of their cellular energy metabolism which also affects immune cells’ phenotype and function (e.g., expression of different 
receptors [e.g., TCR = T cell receptor, TLR = toll-Like receptor). In basal state glucose (Glc) is used for efficient energy production (ATP 
= adenosine triphosphate) in the mitochondria. In activated state decoupling is observed with increased lactate production and increased 
levels of oxidized nicotinamide adenine dinucleotide (NAD+) (NADH = reduced form of NAD, H for hydrogen). As Raman spectroscopy 
probes intrinsic properties of the molecules (molecular vibrational states), it is a label-free method. Laser light intensities in the visible 
are low to keep Raman spectroscopy a nondestructive method. Spectral differences in complex biological systems, such as immune 
cells, are usually difficult to see by naked eye and require the use of statistical data analysis methods. The simplest way to visualize the 
variations between the groups is by computing a difference spectrum between the group means. In this work, also supervised statistical 
models are used to extract the spectral features characteristic for group differentiation as well as to assign class membership in an 
automated manner.

http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
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TABLE 1. 
Clinical Characterization of the HemoSpec Patients

Characteristics Inflammation Infection Sepsisa

Number of patients 24 19 18

Sex, male, n (%) 15 (63) 13 (68) 15 (83)

Age, median (interquartile range) 70 (63–77) 73 (70–83) 64 (59–75)

SIRS after cardiac surgery, n (%) 22 (92)   

SIRS after traumatic brain injury, n (%) 1 (4)   

SIRS after liver resection, n (%) 1 (4)   

Infection microbiologically proven, n (%)  9 (47) 13 (72)

Respiratory tract infection, n (%)  13 (68) 6 (33)

Urinary tract infection, n (%)  3 (16) 2 (11)

Abdominal infection, n (%)   4 (22)

Wounds or soft-tissue infection, n (%)   4 (22)

Other or unknown infection focus, n (%)  3 (16) 2 (11)

Hypo- or hyperthermia, n (%) 5 (21) 5 (26) 7 (39)

Tachycardia, n (%) 10 (42) 10 (53) 17 (94)

Tachypnea or ventilation, n (%) 22 (92) 6 (32) 17 (94)

Leukocytosis, leukopenia, or left shift, n (%) 10 (42) 9 (47) 15 (83)

Acute Physiology And Chronic Health Evaluation II,  
median (interquartile range)

21 (11–23) 16 (15–23)11,b 21 (16–32)

Sequential Organ Failure Assessment, median  
(interquartile range)

7 (4–8) 6 (3–9)11,b 8 (7–12)

C-reactive protein, mg/L, median (interquartile range) 3.9 (2–10) 156 (92–187) 216 (85–327)

Interleukin-6, pg/mL, median (interquartile range) 228 (143–450) 43 (16–92) 617 (148–3,000)

Procalcitonin in ng/mL, median (interquartile range) 0.1 (0.1–0.2) 0.4 (0.16–1.8) 3.4 (1.2–13.5)

Soluble urokinase-type plasminogen activator receptor, 
ng/mL, median (interquartile range)

2.5 (1.8–2.9)7 4.4 (3.0–8.8) 10.3 (6.1–14.7)2

Leukocytes Giga particles per litre, median (interquartile 
range)

10 (8.9–14.5) 10.5 (6.9–12.0)1 18.5 (9.6–23.0)

Relative neutrophil count, %, median (interquartile range) 82 (76–83)5 80 (73–87)2 86 (83–88)2

Relative lymphocyte count, %, median (interquartile range) 13 (10–17)5 9 (6–14)2 5 (2–9)2

Relative monocyte count, %, median (interquartile range) 6 (5–8)5 8 (7–9)2 6 (5–7)2

SIRS = systemic inflammatory response syndrome.
aSepsis: sepsis or septic shock according to Sepsis-3 definition.
bScores are missing for 11 ward patients never treated in the ICU in the infection group.
n indicates the number of missing values in each group.
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Raman Spectroscopic Investigation of 
Peripheral Blood Leukocytes

Raman spectroscopic analysis was performed on 
single-cell level as described previously (18) with a 
commercial upright micro-Raman setup (CRM 300; 
WITec GmbH, Ulm, Germany) using a 785 nm diode 
laser (75 mW in the object plane; Toptica GmbH, 
Munich, Germany) for excitation. Raman images were 
recorded through a 100× objective (NA 0.9; Zeiss, 
Göttingen, Germany) in the scanning mode with a step 
size of 0.3 µm and an integration time of 1 s/spectrum, 
yielding ~ 500 Raman spectra/cell. On average, 20–30 
cells were measured per patient, yielding in total 1,816 
cells from 61 patients. Raman spectroscopic analysis 
was completed within 8 hours after blood withdrawal.

Data Analysis

GNU R (29) was used for data analysis with in-house 
written code. The Raman data preprocessing involved 
cosmic ray removal (30), wavenumber calibration 
using 4-acetamidophenol, sorting-out the spectra with 
low signal-to-noise ratio, and extended multiplicative 
signal correction model-based preprocessing (31). 
Further details are given in the Supplemental Digital 
Content (http://links.lww.com/CCX/A583).

In order to separate the patient classes using a small 
number of components with well-interpretable load-
ings, we used canonical-powered partial least squares 
(CPPLS) discriminant analysis (32, 33) to build super-
vised models. One model was built for each pair of 
target classes, that is, to detect infection (including 
sepsis) versus sterile inflammation and to discrimi-
nate sepsis versus no-sepsis (inflammation and infec-
tion without organ damage). The target responses were 
converted into a dummy response matrix (two col-
umns with 0 and 1, specifying the class membership). 
Data were balanced by providing weights to account 
for different numbers of cells/patients per class. Model 
bias (e.g., due to laboratory relocation, age, and sex 
of patients) was suppressed by including additional 
responses, which are used during model training for 
generating so-called temporary loadings (32). Those 
addition responses were not considered for predic-
tion (Figs. S1−S3, http://links.lww.com/CCX/A583). 
Leave-one-patient-out cross-validation (LPOCV) was 
used to generate predicted Raman scores on single-cell 
level. The threshold for assigning class membership 

(i.e., infection vs no-infection and sepsis vs no-sepsis) 
was defined within the cross-validation loop, so the 
data from the predicted patient could not influence it. 
To obtain predictions per patient from multiple leuko-
cytes per sample, the median of the predicted Raman 
scores was calculated and the respective threshold 
used. The median value was chosen because it is less 
sensitive to outliers than the mean value and better rep-
resents the central tendency of skewed distributions.

To demonstrate added diagnostic value of Raman 
spectroscopy, the predicted Raman scores (median 
value per patient) were combined with biomarker 
values (IL–6, CRP, procalcitonin) in subsequent com-
bined CPPLS models to yield improved predictions 
of patient status (Fig. S2, http://links.lww.com/CCX/
A583). Biomarker values were scaled to their sds, and 
scaling coefficients were stored to be available for new 
test datasets. In the CPPLS algorithm, balanced datas-
ets and additional responses to suppress demographic 
bias were used as described above.

The combined models were validated by LPOCV. A 
threshold for the predicted value to assign the class label 
was estimated inside the cross-validation loop. All pre-
diction metrics and demonstrated receiver operating 
characteristic (ROC) curves are generated from the cross-
validated predictions. Balanced accuracy was calculated by 
averaging the sensitivity and specificity values of the two-
class models. The values for balanced accuracy of sepsis 
and infection detection are presented along with the upper 
and lower margins of the 95% credible intervals (CIs). 
Details on calculation of CI are given in the Supplemental 
Digital Content (http://links.lww.com/CCX/A583).

RESULTS

Patient Characteristics

The clinical trial included 24 patients with sterile in-
flammation (mostly after cardiac surgery), 19 with 
infection (mostly respiratory infections), and 18 with 
sepsis (different foci of infection) as shown in Figure 2A.  
Clinical characteristics of the patients are shown in 
Table 1 and the detected pathogens in Table S1 (http://
links.lww.com/CCX/A583). Patient groups are sim-
ilar regarding age and gender distribution and with no 
ethnic diversity. Sepsis patients show higher biomark-
ers of inflammation such as procalcitonin, IL-6, and 
soluble urokinase-type plasminogen activator receptor 
compared with the other groups.

http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
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Raman Spectra of Peripheral Leukocytes

Mean preprocessed Raman spectra of leukocytes per 
patient group are depicted in Figure 2B. Number 
of cells contributing to the mean spectrum is given 
in Table S2 (http://links.lww.com/CCX/A583). The 
Raman spectral features of leukocytes isolated from 
the patients having inflammation, infection, and sepsis 
show similar spectral profile with typical spectral fea-
tures of leukocytes. Subtle variations in the spectra re-
flect an overall different chemical composition. Logistic 
regression analysis was used for a first data overview 
and to visualize the spectral separation of the groups 
(Fig. S4, http://links.lww.com/CCX/A583). Here, a 
single score value was used to map the disease con-
dition: 0: sterile inflammation, 0.5: infection without 
organ dysfunction, and 1: sepsis. The cross-validated 
predicted values in Figure S4 (http://links.lww.com/
CCX/A583) enable a separation of patients with in-
flammation, infection, and sepsis. The spectral features 
responsible for this separation were extracted from 

the regression coefficients. The extracted features can 
be assigned mainly to Raman bands of nucleic acids 
(662, 778, 1,074, 1,580 cm–1) and proteins (934, 1,676, 
2,926 cm–1) (18, 25–27). Negative Raman bands in the 
regression coefficient for nucleic acids indicate that 
leukocytes from patients with inflammation of non-
infectious origin have slightly higher overall nucleic 
acid content than leukocytes from sepsis patients. The 
protein composition differs in all three patient cohorts 
as seen from positive and negative Raman bands for 
proteins.

Raman Spectroscopy as a Diagnostic Marker 
Using CPPLS Analysis

In order to use the leukocyte’s spectral characteris-
tics in the different disease groups for diagnostic pur-
poses, CPPLS classification models were trained. The 
resulting ROC curves after LPOCV are depicted in  
Figure 3A for differentiating patients with infection 
(including sepsis patients) from patients with sterile 

Figure 2. Patient flow chart and Raman spectra per patient group. A, Flow chart for patient recruitment during HemoSpec study. 
Technical error: not possible to withdraw the required volume of blood or nonavailability of the device. B, Mean preprocessed Raman 
spectra are shown together with sd (gray shadows) for sepsis (red, top), infection without organ failure (orange, center), and sterile 
inflammation (green, bottom). The spectra are shifted on the y-axis to avoid overlap.

http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
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inflammation and in Figure 3B for differentiating 
patients with sepsis from all other patients. With area 
under the curve (AUC) of 0.84 (balanced accuracy 76%; 
95% CI, 65–85%) and 0.82 (balanced accuracy 72%; 
95% CI, 49–82%) for infection and sepsis, respectively, 
these accuracies are comparable to those obtained with 
(combined) established biomarkers, such as IL-6, CRP, 
and procalcitonin (34) as can be seen from the ROC 
curves in Figure 3.

The CPPLS loadings provide insights which Raman 
spectral features are responsible for the differentiation. 
The first two CPPLS loadings for the model to predict 
infection are displayed in Figure 4A, the ones to de-
tect sepsis in Figure 4B (CPPLS scatter plots in Fig. S5,  
http://links.lww.com/CCX/A583). More prominent 
nucleic acid bands (1,582 cm–1, 778 cm–1) are visible 
in the leukocytes of patients with sterile inflamma-
tion compared with the leukocytes of patients with 
infection/sepsis. Raman bands around 1,664 cm–1 

and 1,434 cm–1 indicate altered protein and lipid 
composition.

In order to improve diagnostic accuracy, the pre-
dicted values obtained from cross-validation of 
Raman-based model discussed above were combined 
with the molecular biomarkers CRP, PCT, and IL-6 
in a combined CPPLS model (Fig.  3) (Table S3, 
http://links.lww.com/CCX/A583). The balanced ac-
curacy and AUC could significantly be improved 
and reached up to 93% (95% CI, 84–97%) and AUC 
equals to 0.97, respectively, for infection (Fig. 3A). 
A patient with sepsis could be identified with a bal-
anced accuracy of 92% (95% CI, 80–97%; AUC = 1) 
when clinical biomarker and Raman data were eval-
uated together (Fig. 3B).

Also, among the patients with infections n = 37), 
Raman spectroscopy could contribute significant 
added value to detect sepsis patients (Table S3, http://
links.lww.com/CCX/A583; Fig. S8, http://links.lww.

Figure 3. Added value of Raman leukocyte analysis to detect infections (A) and to identify sepsis (B). Receiver operating 
characteristic (ROC) curves obtained from canonical-powered partial least squares (CPPLS) analysis. All models were validated using 
leave-one-patient-out cross-validation. Predictions using Raman spectroscopic data were obtained on a single-cell level and were 
aggregated to obtain a single value (median of all leukocytes) per patient (orange curves). A, ROC curves for infection detection 
(against sterile inflammation) using predictions based on Raman spectroscopic data (orange curve), biomarker scores (C-reactive 
protein, procalcitonin, and interleukin-6, blue curve), and on a combined model using Raman scores and biomarkers scores (green 
curve). B, ROC curves for sepsis detection (against sterile inflammation and infection without organ failure) using predictions from 
Raman spectroscopic data (orange curve), from biomarkers (blue curve) and using a combined CPPLS models using Raman scores 
and biomarker values (green curve). Scatterplots of the data used for sepsis detection based on Raman spectroscopic scores and 
biomarkers are shown in Figure S6 (http://links.lww.com/CCX/A583); the model loadings and the fitted model in Figure S7 (http://
links.lww.com/CCX/A583). The combined models (green curves in A and B) show superior diagnostic power. Please note that 
balanced accuracies (acc) can be different from 1, also if area under the curve (AUC) is 1, as there is only a small margin between the 
patient groups. Thus, when a patient is excluded from the training data within the cross-validation loop, the model and the estimation of 
the optimal threshold change slightly. This might lead to a misprediction of some patients when the threshold is set for the prediction 
within the cross-validation loop, even if the cross-validated predicted values perfectly separate the groups.

http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
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com/CCX/A583). Together with the biomarker scores, 
the Raman data could achieve a perfect identification 
in our study cohort (AUC = 1.0; balanced accuracy 
100%; 95% CI, 91–100%).

DISCUSSION

HemoSpec trial was designed as a pilot diagnostic trial 
to assess the translational clinical use of Raman spec-
troscopic leukocyte phenotyping for differentiating 
systemic inflammatory reactions under sterile (e.g., 
surgical intervention) and infectious (infection vs 
sepsis) conditions. We could show that the character-
istic spectroscopic fingerprint of patients’ leukocytes 
allows discrimination between sepsis, infection, and 
sterile inflammation. The AUCs from the ROC curves 
for identifying patients with sepsis (AUC = 0.82) and 
infection (AUC = 0.84) based on the Raman spectro-
scopic fingerprint of leukocytes are comparable with 
AUCs obtained from molecular biomarkers reported 
in the literature (5, 35, 36).

In order to better reflect the complex host response 
during sepsis, the use of a combinative index of differ-
ent biomarkers has been shown to provide an improved 
sepsis patient stratification (5, 37). In line with these 
studies, a model combining the score values from 
Raman spectra of leukocytes with scores of inflamma-
tory mediators (procalcitonin, CRP, and IL-6) is best in 
detecting sepsis with an AUC equals to 1.0 (balanced 
accuracy of 92%) in our dataset. This indicates that the 
Raman spectroscopic fingerprint of leukocytes holds 

high potential to be used as a marker for patient strati-
fication by itself and to provide added diagnostic value 
when combined with conventional biomarkers.

Raman spectroscopic analysis captures the overall 
biochemical composition. Although it is rather diffi-
cult (or impossible without specific molecular tags) 
to identify individual molecules that are affected 
and changed, a meaningful and specific fingerprint-
like spectral profile is obtained from each leukocyte. 
Differences between the spectral fingerprints of differ-
ent patient groups can be analyzed to extract overall 
molecular changes. For an interpretation of the Raman 
profiles and to use them for prediction of patient char-
acteristics, CPPLS classification models were trained. 
The first loading coefficients of both CPPLS models, 
that is, the model for detection infection and the model 
for sepsis, are similar (Fig. 4) and show typical features 
also observed in in vitro infection models where iso-
lated human leukocyte subpopulations are challenged 
with defined fungal and bacterial pathogens (38). In 
particular, features relevant for the differentiation of 
infected versus noninfected neutrophils and a few 
Raman bands from the lymphocyte infection model 
(38) are present in loading coefficient 1 of the CPPLS 
models of the HemoSpec trial. This supports the pre-
sumption that spectral features responsible for dis-
tinguishing leukocytes from patients with infectious 
versus sterile inflammation are indeed due to infec-
tion-induced stimulation. The particular presence of 
neutrophil and lymphocyte signal can be explained 
with the fact that due to their relative abundance in full 

Figure 4. Canonical-powered partial least squares coefficients for the first two latent variables in the Raman models for the detection of 
(A) infection and (B) sepsis. Respective scatter plots are depicted in Figure S5 (http://links.lww.com/CCX/A583).

http://links.lww.com/CCX/A583
http://links.lww.com/CCX/A583
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blood; mainly neutrophils (48–74%) and lymphocytes 
(11–13%) were characterized in the HemoSpec study, 
whereas only between 5.5% and 7.5% of the measured 
cells were monocytes (Table S3, http://links.lww.com/
CCX/A583).

The second loading coefficient in the statistical 
model for sepsis detection (Fig. 4) shows some similar-
ities to the coefficient of the logistic regression model 
used for the data overview (Fig. S4, http://links.lww.
com/CCX/A583), where the progression of infection 
to sepsis is included in a single score value. The dis-
tinct spectral features of loading coefficient 2 cannot 
be found in the in vitro infection model indicating that 
simple pathogen-induced changes are not enough to 
simulate the complex spectral signatures of leukocyte’s 
“sepsis phenotype.” This is in agreement with current 
understanding of sepsis immunology where sepsis-
associated alterations in the functions and phenotype 
of all leukocytes subtypes are described (4, 39). Gene 
expression profiling studies indicate characteristic 
transcriptional changes in leukocytes during sepsis 
(40–42). Those infection- and sepsis-induced changes 
in the overall biochemical composition of the immune 
cells are reflected in the Raman signal.

We see high potential for the label-free Raman tech-
nology. From only 500 µL of blood, the overall chem-
ical composition of all leukocyte subpopulations can be 
measured. Sample preparation is simple and involves 
standard clinical laboratory routines. Furthermore, as 
Raman spectroscopy is based on fast (instantaneous) 
light-matter interactions, the method has the potential 
to provide the result within the recommended “Golden 
Hour” for the diagnosis of sepsis. Recently, Raman 
technology has advanced to high-throughput devices 
which enable the analysis of greater than 1,000 cells 
within only 1 hour (19, 43) paving the way for larger, 
multicenter clinical trials to validate spectroscopic 
immunophenotyping. This will enable to overcome 
the limitation of the current study and to include more 
patients, so that the impact of timing of sampling, type 
of pathogen as well as age, sex, ethnicity, or race of the 
patient can be fully assessed.

CONCLUSIONS

Label-free, nondestructive Raman spectroscopy was 
shown in the HemoSpec study to be a powerful tool 
to differentiate the activation profile of circulating 

leukocytes from peripheral blood. The overall mo-
lecular information captured in the Raman spectra 
reflects the different chemical profiles of the leuko-
cytes from patients with inflammation, infection, 
and sepsis. Those results merit further investigation 
as they could potentially be used for patient strat-
ification. They add value to conventional biomark-
ers for the discrimination of sterile inflammation, 
uncomplicated infection, and sepsis. Future studies 
analyzing a larger number of subjects and cells per 
subject shall help to confirm our findings and also 
enable analysis of leukocyte subpopulation-resolved 
host response.
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