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Abstract 

Community-acquired pneumonia (CAP) is a major cause of morbidity and 
mortality worldwide. Although there is wide variation in the microbial etiology, 
CAP may manifest with similar symptoms, making institution of proper 
treatment challenging. Therefore, etiological diagnosis is important to ensure 
that correct treatment and necessary infection control measures are instituted. 
This provides a challenge for conventional microbial diagnostic methods, 
typically based on culture and direct antigen tests. Moreover, existing molecular 
biomarkers have poor prognostic value. Few studies have investigated the global 
metabolic response during infection and virtually nothing is known about early 
responses after the start of antimicrobial treatment. The aim of this work was to 
improve diagnostic and predictive methods for CAP. 

In paper I, a qPCR panel targeting 15 pathogens known to cause CAP was 
developed and evaluated. It combined identification of bacterial pathogens and 
viruses in the same diagnostic platform. The method proved to be robust and the 
results consistent with those obtained by standard methods. The panel approach, 
compared to conventional, selective diagnostics, detected a larger number of 
pathogens. In Paper II, whole blood samples from 65 patients with bacteremic 
sepsis were analyzed for metabolite profiles. Forty-nine patients with symptoms 
of sepsis, but later attributed to other diagnoses, were matched according to age 
and sex and served as a control group. Six metabolites were identified, all of which 
predicted growth of bacteria in blood culture. One of the metabolites, myristic 
acid, alone predicted bacteremic sepsis with a sensitivity of 100% and a specificity 
of 95%. Paper III and IV were based on a clinical study enrolling 35 patients 
with suspected CAP in need of hospital care. The aim was to study the metabolic 
response during the early phase of acute infection. The qPCR panel developed in 
Paper I was used to obtain the microbial etiological diagnosis. Paper IV focused 
on the global metabolic response and highlighted the dynamics of changes in 
major metabolic pathways during early recovery. A specific metabolite pattern for 
M. pneumoniae etiology was found. Four metabolites accurately predicted all but 
one patient as either M. pneumoniae etiology or not. Paper III looked at 
phospholipid levels during the first 48 hours after hospital admission. It was 
found that all major phospholipid species, especially the lysophosphatidyl-
cholines, were pronouncedly decreased during acute infection. Levels started to 
increase the day after admission, reaching statistical significance at 48 hours. 
Paper II-IV showed that metabolomics might be used to study a number of 
different aspects of infection, such as etiology, disease progress and recovery. 
Knowledge of the metabolic profiles of patients may not only be utilized for 
biomarker discovery, as proposed in this work, but also for the future 
development of targeted therapies and supportive treatment. 
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Populärvetenskaplig sammanfattning 

Samhällsförvärvad lunginflammation (CAP) är en viktig orsak till sjukdom och 
död över hela världen. Infektionen kan orsakas av ett stort antal virus och 
bakterier och ger ofta likartade symtom och klinisk bild oavsett infektiös orsak 
(etiologi), vilket gör det svårt att kliniskt skilja olika etiologier åt. Det är viktigt 
att kunna fastställa etiologin till infektionen för att kunna ge rätt behandling och 
vid behov isolera patienten för att undvika smittspridning. Detta innebär en stor 
utmaning för traditionella diagnostiska metoder (t.ex. odling och direkt 
antigenpåvisning) som ofta är för långsamma och okänsliga för att kunna påverka 
den akuta handläggningen. Dessutom har tillgängliga biomarkörer, som oftast är 
mått på den inflammatoriska reaktionen, dålig förmåga att förutsäga en patients 
prognos och följa tillfrisknande. Mycket lite är känt hur ämnesomsättningen 
(metabolismen) påverkas under akut sjukdom och tillfrisknande. Metabolomik 
innebär att ett stort antal produkter i ämnesomsättningen (metaboliter) mäts 
samtidigt i exempelvis blod- eller urinprov, för att ge en samlad bild av det 
metabola tillståndet hos patienten vid provtillfället. Genom att använda 
analysmetoder som liknar mönsterigenkänning kan skillnader mellan olika 
patientgrupper (t.ex. etiologier och svårighetsgrader) urskiljas baserat på deras 
metabola profil. På så vis kan skillnader och förändringar i patienternas 
metabolism mätas och synliggöras och nya biomarkörer för etiologi, prognos och 
tillfrisknande hittas.  

Målen med detta arbete var att: 1. Utarbeta en mer specifik och känslig 
diagnostisk metod för samhällsförvärvad lunginflammation. 2. Undersöka hur 
metabolomik kan användas för att upptäcka nya biomarkörer för etiologi, 
bakterieväxt i blod och tillfrisknande. 3. Genom metabol profilering undersöka 
hur metabolitmönstret förändras hos patienterna under det akuta 
infektionsförloppet och under tillfrisknande för att ge en bättre förståelse för de 
biologiska skeenden som kännetecknar infektionen. 

I artikel I användes en metod som kallas för kvantitativ ”polymerase chain 
reaction”, qPCR, för att utveckla en diagnostisk analyspanel för sju virus och åtta 
bakterier som är kända orsaker till CAP. Metoden bygger på kvantitativ påvisning 
av virus- och bakterie-DNA/RNA och är känd för att vara både känsligare och ge 
snabbare resultat än traditionella odlingsmetoder. Analyspanelen testades både 
avseende teknisk prestanda och klinisk användbarhet. Vid analys av 94 
luftvägsprover visade sig panelen vara tekniskt robust och ha god 
överensstämmelse med standardmetoder. Ett viktigt fynd var också att 
analyspanelen gav väsentligt fler positiva fynd, jämfört med traditionell, selektiv 
diagnostik, eftersom både virus och bakterier kunde analyseras med samma 
diagnostiska metod och i samma prov.  
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Förekomst av bakterier i blod är en markör för allvarlig infektion hos patienter 
med CAP. I artikel II analyserades blodprover från patienter som sökt 
akutmottagningen med misstänkt blodförgiftning (sepsis), tidigare insamlade för 
en studie i Örebro. I studien ingick både patienter med CAP och andra 
infektioner. Sextiofem patienter som hade påvisad växt av bakterier i blodet 
(bakteremi) och sepsis inkluderades i studien och 49 patienter som hade liknade 
symtom, men ingen bakterieorsakad infektion, var kontrollgrupp. 
Metabolitmönstret i patienternas blod analyserades med gaskromatografi 
kopplad till masspektrometri (GC-TOF-MS). Sex metaboliter identifierades som 
när de kombinerades, med hög sannolikhet och bättre än tillgängliga 
biomarkörer kunde förutsäga om patienten hade växt av bakterier i blodet. En av 
metaboliterna, myristat (en medellång fettsyra), kunde på egen hand förutse 
bakterieväxt i blod med hög känslighet och specificitet. Artikel III och IV 
baserades på en klinisk studie utförd vid Infektionskliniken, Umeå mellan 2011-
2014. I studien inkluderades 35 patienter med misstänkt CAP som alla var i behov 
av sjukhusvård. Blodprover togs vid fyra tillfällen under den akuta sjukdomsfasen 
och igen efter tillfrisknande. Proverna analyserades med två varianter av 
vätskekromatografi kopplad till masspektrometri (LC-TOF-MS). qPCR-panelen 
utvecklad i artikel I användes tillsammans med traditionell diagnostik för att 
bestämma etiologi. Artikel IV fokuserade på det globala metabolitmönstret och 
hur det förändrades under den tidiga fasen av tillfrisknande. Ett specifikt 
metabolitmönster som kunde förutsäga infektion orsakad av bakterien 
Mycoplasma pneumoniae hittades också. En kombination av fyra metaboliter 
kunde korrekt diagnosticera alla patienter med mykoplasmainfektion och alla 
utom en av resterande patienter. Artikel III tittade specifikt på en grupp 
fettinnehållande ämnen, fosfolipider. Fosfolipider är viktiga byggstenar i bl.a. 
cellmembran, signalämnen i immunsystemet och har i tidigare studier visat sig 
vara tänkbara biomarkörer för prognos och diagnos av infektionssjukdomar. 
Nivåerna av alla uppmätta typer av fosfolipider, särskilt en grupp kallad 
lysofosfatidylkoliner, visade sig vara uttalat sänkta under den akuta infektionen. 
Nivåerna började stiga igen dagen efter inläggning på sjukhus och var statistiskt 
signifikant högre dag två.  

Sammanfattningsvis visade artikel II-IV att metabolomik kan användas för att 
studera CAP för att bättre förstå infektionsförloppet. Möjliga biomarkörer kunde 
identifieras för växt av bakterier i blod, för att identifiera mykoplasmainfektion 
och för tillfrisknande tidigt i sjukdomsförloppet. Större kliniska studier behövs 
för att fastställa värdet av de möjliga biomarkörerna. Studier av mekanismerna 
bakomförändringarna av metaboliter krävs också för att klargöra varför de 
uppkommer och vilken betydelse de kan ha för patienten.  
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Introduction 

Community-Acquired Pneumonia 

Epidemiology and Definitions 
Lower respiratory tract infections (LRTI) are a major cause of morbidity and 
mortality worldwide. LRTI is the leading infectious cause of death in all age 
groups and the fifth leading cause of death overall, according to the latest Global 
burden of disease study by WHO1. Community-acquired pneumonia (CAP) is a 
subgroup of LRTI, where the infection affects the lung tissue and/or pleura. 

The incidence of CAP in western, high-income countries is about 1%2,3 with young 
children and elderly being at highest risk4. It is noteworthy that 30%  to 40% of 
patients with CAP are estimated to require hospitalization2,5. Despite strides 
made in recent years in developing treatment and improving diagnosis of 
infectious diseases, CAP still remains a serious condition. The short-term 
mortality, as defined by deaths occurring in hospital or within 30 days of 
infection, varies greatly depending on age, co-morbidities and severity, but 
ranges between 4-18%6,7. According to the Swedish CAP registry, which 
comprises patients treated at departments of infectious diseases all over the 
country, in-hospital mortality is about 4%8. In the group of patients requiring 
intensive care, which is most commonly due to circulatory and/or respiratory 
failure, as many as between one in four to every other patient dies9. The total 
economic cost of CAP in Europe, including direct costs for clinical management 
and indirect costs due to lost work days, is estimated to about 10.1 billion Euros 
yearly10.  

The diagnosis of CAP is not easily defined. In several published treatment 
guidelines, suspected CAP is described as “the presence of acute symptoms and 
signs of LRTI, without any other obvious cause”11. The most common symptoms 
are: Fever, dyspnoea, cough and sputum production. Clinical signs include: 
Increased respiratory rate, lung crackles upon auscultation and elevated 
inflammatory markers. For a definitive diagnosis, a pulmonary infiltrate visible 
on chest radiography or a computed tomography (CT) examination, not present 
earlier, is required.4,8,12,13 CAP is separated from a diagnosis of hospital-acquired 
pneumonia (HAP) or ventilator-associated pneumonia (VAP). Compared with 
CAP, these two latter conditions are more often associated with worse disease 
outcomes, and different causative pathogens, with higher rates of antimicrobial 
drug resistance (AMR). HAP and VAP occurs in patients who are currently 
hospitalized or have recently been discharged, and in the latter case, mechanically 
ventilated.14 
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Chest radiography has been the gold standard for visualizing a new pulmonary 
infiltrate in CAP patients. In CAP guidelines, it is recommended for all patients 
requiring hospitalization, and for outpatients where the diagnosis is doubtful, 
treatment is failing, or when the risk of underlying lung pathology is increased.4 
However, the sensitivity of chest radiograph is limited compared to CT, especially 
early in the course of infection15. 

 

Figure 1. Chest radiographs of a patient with pneumonia, infiltrate visible in the 
upper right lobe. Robinson et al, Current Opinion in Immunology, 2015:3416. 
Figure reprinted with permission of the publisher. 

Etiology 
CAP can be caused by a large variety of different pathogens: Extracellular 
bacteria, intracellular bacteria and a variety of viruses. The relative importance of 
different pathogens to the burden of CAP is difficult to estimate because 
diagnostic methods and the interpretation of the diagnostic results, patient 
inclusion criteria, as well as study settings, have varied largely among well-
performed CAP studies. Nonetheless, the gram positive bacterium Streptococcus 
pneumoniae is identified as the most common cause of CAP in most studies, 
independent of the diagnostic methods used17–19. The proportion of infections of 
pneumococcal etiology seems to have changed over time. In the pre-antibiotic era 
(before 1947), S. pneumoniae was found in approximately 90% of the patients.20 
This proportion has continuously decreased, to only between 5-9% in recent 
American studies21,22. In European and Japanese studies, where more liberal 
criteria for etiology have been applied, S. pneumoniae, has been judged to cause 
the infection in 20-48% of the cases23–28, Figure 2.  
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Figure 2. A: Frequency of Streptococcus pneumoniae as a cause of community-
acquired pneumonia since the beginning of 20th century in United States/Canada. 
B, Comparison of the proportion CAP caused by S. pneumoniae between the 
United States/Canada (blue) and Europe (red). Musher et al CID 2017:6520. 
Figure reprinted with permission of the publisher. 

In a recent review, Musher et al discuss reasons for this proposed decline in 
pneumococcal etiology and lower incidence in American studies, compared to 
European material20. Although there are differences in the use of diagnostic 
methods in CAP and development of the methods over time, which can cause bias 
in the analysis of historical studies, this solely cannot explain the observed 
differences. Differences in vaccination practices and smoking habits are likely to 
be part of the explanation. 
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Other identified pathogens in modern studies include Mycoplasma pneumoniae, 
Haemophilus influenzae, Moraxella catarrhalis, influenza virus A and B, 
Staphylococcus aureus, rhino virus, parainfluenza virus, metapneumo virus, 
Chlamydophila pneumoniae and enterobacteriaceae. Legionella pneumophila is 
a relatively uncommon but serious bacterial cause of CAP, which is 
overrepresented among patients treated in the intensive care unit (ICU)29. 

Different causative pathogens have specific epidemiological features: Legionella 
infections are often related to travel, Mycoplasma, Chlamydiaceae and influenza 
virus infections have mostly an epidemic pattern with seasonal variability and 
H. influenzae as well as M. catarrhalis are found more frequently in patients with 
chronic obstructive pulmonary disorder (COPD). Legionella and Mycoplasma are 
less common among elderly people.4 With application of more sensitive 
diagnostic techniques, like quantitative polymerase chain reaction (qPCR), 
described below, multiple pathogens are frequently detected in the same patient. 
The clinical significance of multiple potential CAP pathogens and possible 
ecological interactions between pathogens and the normal human microbiota of 
the lung during infection remains unclear30. 

Clinical Management and Treatment 
Most patients with non-severe CAP are treated as outpatients. In an outpatient 
setting, the diagnosis of CAP is often solely based on clinical signs and symptoms, 
since neither radiologic examination, nor microbiological tests are routinely 
recommended4,11–13. Inflammatory markers, most commonly C-reactive protein 
(CRP) and procalcitonin (PCT), may be used as a guide for the treating physician 
to differentiate between pneumonia and LRTIs which does not require antibiotic 
treatment11. When a decision for  hospitalization is made, a chest radiograph, 
blood cultures, and a sputum culture are recommended in European 
guidelines8,11,12, but are optional in American guidelines for patients lacking 
specific risk factors, e.g.: leucopenia, asplenia, pleural effusion, or cavitary 
infiltrates13. Among CAP guidelines from various countries, the most extensive 
recommendations to use microbiological tests are found in guidelines from 
Sweden published in 2017, where culture from sputum, nasopharynx and blood 
as well as pneumococcal urinary antigen test (UAT) is recommended for all 
hospitalized patients.8 

Concerning treatment, the recommendations vary between regions. There are 
differences in the recommended choice of antimicrobial drug class for treating 
CAP in different groups of patients. These dissimilarities cannot only be 
explained by differences in AMR patterns or clinical evidence4. Several guidelines 
recommend stratification of patients according to disease severity by the use of a 
clinical scoring system, e.g. CURB-65 or CRB-65 (explained below), to aid clinical 
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judgements and identify patients with a high risk of mortality. A major difference 
among different treatment guidelines is the recommendations of antimicrobial 
drug coverage of CAP pathogens that are commonly named “atypical”. Atypical 
pathogens include for example L. pneumophila, Chlamydiacae spp and 
M. pneumoniae. While IDSA/ATS recommend the use of a macrolide or 
doxycycline for atypical coverage in mild CAP13, BTS recommends the addition of 
a macrolide only in moderate to severe cases4. In Holland and Sweden, most CAP 
patients are treated with a narrow spectrum beta lactam, e.g. Penicillin G in 
monotherapy. The use of macrolides, fluoroquinolones and broad spectrum beta 
lactams are reserved for severe cases, patients allergic to beta lactams and those 
where an atypical pathogen is diagnosed or strongly suspected.8,12 This latter 
strategy was supported by a Cochrane report in 2010, which found no survival 
benefit from the coverage of atypical pathogens in empirical treatment31. The 
lengths of treatment have been a matter of debate, with the present trend heading 
towards shorter courses of treatment. The biomarker PCT has successfully been 
used to guide discontinuation of treatment by Christ-Crain et al, among others, 
which significantly reduced the use of antibiotics32. One study also compared a 
three-day treatment with eight days of amoxicillin, and reported similar success 
rates33. In a recent retrospective register analysis, short-course therapy, as 
defined as five days or less, was not associated with a higher rate of complications, 
readmission or other adverse events34. American and Dutch guidelines now 
recommend treatments as short as five days if the patient is considerably 
improved or afebrile after three days and a beta lactam and/or a quinolone is 
used12,13. In Swedish and British guidelines the recommended standard treatment 
duration is seven days and extended treatments are recommended for 
L. pneumophila (7-10 days) and S. aureus (14 days or more). 

Host Defense in CAP 
The anatomical and physical properties of the respiratory system, which implies 
that a very large surface is continuously exposed to the outside environment, 
demands an efficient and well-regulated host defense system. The large variety of 
potential pathogens targeting the respiratory system, together with this extensive 
exposure, are important reasons to why many immunodeficiencies manifest as 
severe or repeated respiratory infections35. The immune response in CAP is a very 
complex interaction between mechanical factors, epithelium, and immune cells 
of the innate as well as the adaptive immune system, an interaction that is only 
partially understood36. Recently, the host’s microbiome has rendered increased 
attention as an important part of the defense against infections, including CAP37. 
Previously thought to be a sterile environment, the lungs have now been shown 
to comprise a microbiota of high variability depending on the infection status of 
the host. The knowledge has resulted in a paradigm shift; from the view of an 
infection as simply the presence of a pathogen in a sterile site, to a complex 
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ecological interaction between one or multiple pathogens, the host’s microbiome, 
environmental and immunological factors, which is likely to influence the 
research area during the years to come.38 This section aims to briefly discuss 
known mechanical and immunological defense mechanisms in CAP. 

Innate immunity 
The first line of defense against pathogens entering the lower respiratory tract is 
based on mechanical mechanisms: the filtering of particles through the nose and 
nasopharynx, mucus produced by goblet cells lining the epithelium, and cilia 
together with the coughing reflex transporting particles and infectious agents out 
of the respiratory tract35. The epithelium, part from being a physical barrier, also 
has important immune surveillance properties. This is mediated through the 
trans-epithelial dendritic cells (DCs) and epithelial cells, which are able to 
respond to pathogens through activations of various pattern recognition 
receptors (PRRs) and production of antimicrobial peptides. The most common 
PRRs are the toll-like receptors (TLRs) and nucleotide-binding oligomerization 
domain-like receptors (NLRs). One example is TLR2, which recognizes bacterial 
cell wall structures and is crucial in the defense against both intracellular and 
extracellular bacteria.36 In the alveolar space resides another type of phagocytic 
cells, with phagocytic and antigen-presenting properties similar to the DCs, 
named alveolar macrophages (AMs). The AMs have enhanced phagocytic 
function and interacts with proteins in the lung surfactant, which functions as 
PRRs39. Activation of these receptors elicits an inflammatory cascade with the 
release of chemokines, cytokines, colony stimulating factors and adhesion 
factors, to attract other immune cells to the site. This response also induces 
migration of DCs to lymphoid tissue for the initiation of T- and B-cell maturation 
into an adaptive immune response. 

An important mechanism in the early response to bacterial invasion is the type 17 
immunity, stimulated by DCs production of IL-23 and IL-1β. This leads to the 
expansion of IL-17 positive γ/δ T-cells and natural killer T (NKT) cells, which 
produce high levels of IL-17 and IL-22.36 IL-22 induces production of 
antimicrobial peptides by the epithelium, increases barrier function and repair 
and has been shown to be of high relevance in bacterial clearence40. IL-17 
stimulates granulocyte colony-stimulating factor (G-CSF) and CXC chemokine 
production in the lung, which leads to the recruitment of neutrophils, and 
bacterial clearance41.  

In viral infection, the recognition of viral components by TLRs leads to 
production of type 1 interferons (IFN), IFN-α and IFN-β, which induces an 
antiviral state at the site of infection. IFN-signaling then works together with 
PRRs to promote release of pro-inflammatory cytokines from DCs: Tumor 
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necrosis factor (TNF-) α, IL-1β and IL-642. Neutrophils and NKT cells are 
recruited to the lung in CAP, however, in viral infection defense, the NKT cells 
seem to be most important43. Bacterial super-infection is a well-recognized 
complication to viral infection and is most extensively studied in the case of 
influenza virus infection. The production of type 1 IFN results in an impaired type 
17 immunity, with decreased levels of IL-22 and IL-17. This impairment lowers 
the resistance to a bacterial challenge, see Figure 3. In addition, IFNγ production, 
has been shown to decrease the phagocytic function of AMs.16 

Figure 3. Immune response in bacterial CAP, with and without predisposing 
influenza virus infection. Robinson et al, Current Opinion in Immunology, 
2015:3416. Figure reprinted with permission of the publisher. 

Adaptive Immunity 
For pathogen clearance and induction of a specific and long-lasting defense 
against the microbe, an adaptive immune response is required. The specificity of 
the adaptive response takes time to develop, through activation, selection and 
differentiation in several steps, initiated by specific binding to the antigen-MHC 
complex. This is why the effect typically lingers until a week after infection, as in 
the case of influenza virus infection.42 In response to bacterial infection, CD4+ 
cells have a critical role and multiple subsets of CD4+ T cells have been described. 
The first two to be discovered, named T helper (Th) 1 and 2, were described in 
198644 and were differentiated by their cytokine secretion pattern and the 
immune responses they induced. Th1 cells secrete IFNγ as the main effector 
cytokine, which is important for the response against intracellular pathogens, 
while Th2 cells produce IL-4, IL-5 and IL-13, involved in B-cell proliferation and 
upregulation of eosinophilic response, mainly directed towards extracellular 
pathogens and parasites36. Other subsets of CD4+ T cells include the regulatory 
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T cell (Treg) and the relatively recently discovered T follicular helper cell (Tfh). 
The latter is thought to be important for mucosal B-cell mediated immunity 
through antigen presentation and facilitation of immunoglobulin (Ig) class 
switch45. The CD8+ cytotoxic T-cells dominate in the adaptive response to viral 
infection. They start migrating to the lung in response to the release of 
chemokines and appear in large numbers 7-10 days after infection. Through 
specific lysis and induction of apoptosis by Fas-FasL binding to infected cells, as 
well as cytokine release (IFNγ and TNFα), they achieve a rapid decline in viral 
load.42 

The humoral B cell response plays an important part of both prevention and 
clearance of bacterial as well as viral infections and is the mechanism behind the 
protective effect of vaccines36,42. Antibodies, including secretory IgA, are a part of 
the mucosal immunity of the upper airways, while IgG is predominantly found in 
the lower airways and the alveoli. IgM is not found in measurable amounts in 
healthy persons, but is the first B-cell response in primary infections, before Ig 
class switch has occurred, which usually requires activated CD4+ cells. Defects in 
humoral immunity are the most common primary immune defects and often 
results in repeated and severe respiratory infections, such as sinusitis and CAP.35 

The lung and upper airways have local lymphoid structures, just like the 
intestines, e.g. bronchus-associated lymphoid tissue (BALT) that are similar in 
structure to lymph nodes46. This implicates that adaptive immune responses can 
develop locally, which probably is of importance in clearance and prevention of 
respiratory infections42. 

The Importance of an Etiological Diagnosis 
To determine an etiological diagnosis in CAP is difficult. Firstly, the condition 
can, as mentioned previously, be caused by a large number of pathogens, which 
require different sample types and various diagnostic techniques for 
detection21,22,47. Secondly, several causative pathogens, e.g. S. pneumoniae and H. 
influenzae, often colonize the respiratory tract without causing disease48, which 
sometimes makes their clinical significance in an acute disease episode difficult 
to determine47. The difficulty of determining an etiological diagnosis is 
demonstrated by that, only about one third of patients treated at infectious 
disease clinics in Sweden receive an etiological diagnosis8, which is comparable 
with international studies on hospitalized patients21,22,49. In more recent studies, 
where sensitive, molecular techniques have been applied, a causative pathogen 
have been detected in 52-87% of patients23–25,27. One important reason for 
identifying an etiology is to enable replacement of an empirical antimicrobial 
drug treatment, targeting a broad spectrum of pathogens, to a narrower spectrum 
antimicrobial treatment directed towards the causative pathogen. Overuse of 
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broad spectrum antibiotics increase the risk of adverse events50,51, and 
importantly, drives the development of antibiotic resistant strains52,53. In severe 
CAP, results of microbiological testing led to change in treatment in 42% of 
patients, most commonly de-escalation to more pathogen directed treatment54. 
In a recent study, Gadsby et al estimated that de-escalation of antibiotic therapy 
could be achieved in three quarters of enrolled patients, if the results of the 
comprehensive microbiological testing was available and used by the treating 
physicians24. Patterns of antibiotic prescription in outpatients with respiratory 
infections have earlier been shown to improve, when comprehensive diagnostics 
were readily available to physicians55. The main effect in the latter study was an 
increased tendency to refrain from antibiotics when it was not indicated. Another 
benefit of rapidly obtaining a correct etiological diagnosis is the identification of 
causative pathogens that may not be targeted by empirical CAP treatment. For 
example, an Influenza A etiology may not be initially suspected and treatment 
delays should be avoided to comply with the recommendation of start of antiviral 
treatment within 48 hours of onset of symptoms13. 

Apart from guiding treatment, information about etiology is important for other 
reasons. Examples include epidemiologic surveillance to detect and manage 
epidemics and to identify pathogens that may require specific infection control 
measures. Recent examples where rapid etiological diagnosis have improved the 
management of epidemics include the MERS-CoV outbreak in 201456 and the 
2009 (H1N1) influenza pandemic57. According to Swedish guidelines, isolation or 
cohort care is recommended for all patients infected with influenza virus, RS 
virus, metapneumo virus, corona virus, rhino virus, adeno virus and the atypical 
bacterial pathogens M. pneumoniae and C. psittaci8. In addition, etiology and 
serotyping of pathogens in CAP is necessary to evaluate the effect of introduced 
vaccines directed respiratory pathogens. These include seasonal influenza virus 
vaccine, pneumococcal vaccines and H. influenzae type B (HiB) vaccines. 

Methods for Determining Etiology 

Culture-Based Methods and Pathogen Identification 
Methods based on the cultivation and identification of bacteria have been the 
cornerstone in microbiological diagnostics in CAP, since it was developed in the 
late 19th century58,59. For common CAP pathogens like S. pneumoniae, culture is 
considered the gold standard diagnostic method, and functions as the reference 
in evaluations of  newly developed methods60. Microbial culture methods have 
the advantage that they can provide information about antibiotic susceptibility 
and resistance. For a long time, culture-based, phenotypic methods have been the 
only way to determine the resistance pattern of a microbe, which is an important 
reason for their persisting popularity and utility. In recent years, new techniques 
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have emerged that have further improved the culture based methods providing 
potential to achieve similar results in more time-efficient and less labor-intensive 
ways61,62. Identification of cultured pathogens was, until a few years ago, in many 
cases a complicated process. It involved colony morphology, grams-stain and 
microscopy as well as a wide range of biochemical tests63. After the introduction 
of matrix-assisted laser desorption/ionization time-of-flight mass spectrometry 
(MALDI-TOF-MS), identification of an isolated pathogen can be achieved in 
minutes64,65.  

 

 

Figure 4. Description of the technical components of MALDI-TOF-MS. Croxatto 
et al, FEMS Microbiol Rev. 2012:3664. Figure reprinted with permission of the 
publisher. 
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The most commonly used MALDI-TOF-MS technique uses short laser pulses to 
fragment and ionize biomolecules in a crystallized sample. The fragments’ mass 
to charge ratio and intensity are then measured, which generates a mass spectra, 
similar to the methods described in the metabolomics’ section below. The mass 
spectra can be viewed as a fingerprint, specific for a certain microbial genus or 
species, which is automatically compared and matched to a database.65  

MALDI-TOF-MS is now considered a standard method for bacterial 
identification in culture methods for bacteria and some fungi and the applications 
of the technique are evolving fast64,66. Even with the implementation of MALDI-
TOF-MS identification, culture-based methods are still too slow to influence the 
initial antibiotic treatment. They are also inherently insensitive, especially in 
patients who have received antibiotics prior to sampling19,22. In addition, atypical 
pathogens are not detected by routine methods. 

Blood Culture 
Blood culture is recommended for all hospitalized CAP patients prior to antibiotic 
treatment4,8,12. Blood has the advantages of being easy to collect and under 
normal circumstances sterile, which increases the specificity of a positive 
microbial finding. A positive blood culture is also an important prognostic 
marker, since this, along with higher bacterial load predicts severe disease67. A 
major disadvantage of the method is a low sensitivity in CAP. In only 5-16% of 
CAP-cases, a causative bacteria is isolated from blood58. Even when 
S. pneumoniae can be cultured from thoracic lung aspirates, the performance of 
the blood-culture method is poor. In one study, 37% of such patients had 
pneumococci isolated from their blood cultures68.  

Sputum Culture 
Sputum is considered a standard specimen in CAP diagnostics4. It is noninvasive 
and relatively easy to collect when the patient presents with productive cough. 
Unlike blood, sputum is not a normally sterile specimen, and the problem of 
contamination with oropharyngeal flora has been recognized for a long time69. 
This calls for measures to ensure a representative sample. A commonly used 
method for this is to assess the ratio of leucocytes to squamous cells as described 
by among others Musher and Kalin70,71. It is also recommended to culture sputum 
samples quantitatively or semi-quantitatively to be able to separate a true etiology 
from colonization or contamination63,71,72.  

Culture of Nasopharyngeal Specimen  
In patients where collection of sputum is not possible, culture from 
nasopharyngeal aspirates (NpA) or swabs (NpS) is suggested in Swedish 
guidelines8. The main advantage of nasopharyngeal specimen is the availability, 
since it can be acquired from nearly all patients. Even though colonization of 
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S. pneumoniae and H. influenzae is uncommon in healthy adults, and the 
finding of these bacteria in NpS samples has been found to correlate well with 
results of sputum cultures73,74, the results should be interpreted with caution. 

Culture of Broncho alveolar lavage and Protected Specimen Brush 
In patients with severe pneumonia, who might be intubated or unable to produce 
sputum, bronchoscopic sampling for culture is a preferred method8,13. Two main 
techniques are used: bronchoalveolar lavage (BAL), where a segment of the lung 
is washed in portions with sterile saline solution, which is then aspirated, and 
protected specimen brush (PSB), where a small, covered sampling brush is 
introduced into the bronchus through the bronchoscope (or blindly)75. Although 
the risk of contamination is considered less prominent with these techniques 
compared to an expectorated sputum specimen, it is still present. The specimens 
obtained by BAL or PSB should be cultured quantitatively60. A cut-off for clinical 
significance of 104 colony forming units (CFU)/ml for BAL and 103 CFU/ml for 
PSB is usually applied.75 

Antigen Detection in Urine 
UAT are available for L. pneumophila serogroup 1 and S. pneumoniae. They have 
the advantages that the sampling is noninvasive, test results are extremely rapid 
(<15 min) compared to conventional diagnostics, and that they can be used with 
preserved sensitivity, even under ongoing antibiotic therapy76. For the 
pneumococcal UAT, low sensitivity has been an issue. In a meta-analysis, Sinclair 
et al reported sensitivities of included studies between 29-86%77. In blood culture 
positive patients, the sensitivity is reported to be higher. A Swedish study found 
a positive UAT in 79% of blood culture positive patients and a sensitivity of 54% 
compared to both blood and respiratory culture78. UAT for L. pneumophila 
serogroup 1, which causes 90% of Legionella infections, is a well-established and 
specific test. In a systematic review, Shimada et al reported a pooled sensitivity of 
74% and a specificity of >99%79. The sensitivity for the test seems to be correlated 
to severity of disease80. 

NAATs 
Nucleic acid amplification tests (NAATs) are the generic term for various 
methods amplifying and detecting pathogen-specific DNA or RNA. Historically, 
it has often been synonymous with variations of the polymerase chain reaction 
technique (PCR) described by Mullis et al in 198581. During the last decade, other 
similar methods have been developed, examples including loop-mediated iso-
thermal amplification (LAMP) and multiplex ligation-dependent probe 
amplification (MLPA). The range of available methods is now enormous.82 The 
development of NAAT applications for diagnostics of infectious diseases has been 
most prominent in the field of virology and has included both in-house methods, 
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developed at local laboratories, as well as commercial diagnostic kits, reviewed 
by for example Zhang et al83. Since these methods detect DNA and RNA, 
sensitivity is not hampered by newly commenced antibiotic or antiviral 
treatments, as is the case with culture-based methods. NAATs can be applied on 
various sample types, e.g. sputum, NpS, blood and BAL30. 

The introduction of molecular methods has improved diagnostic yield and 
sensitivity in etiological diagnosis of CAP regarding both bacteria and viruses, as 
shown by among others: Gadsby et al, Stålin et al, Johansson et al, Yosii et al and 
Bjarnarsson et al23–25,27,84. Commercially developed diagnostic kits, which are 
usually panel-based and thereby analyze a number of targets in one specimen, 
have become increasingly common at microbiological laboratories, but also as 
point-of-care (POC) tests to be used at the patient site. Some of these kits were 
recently reviewed by Torres et al30. On the downside of this fast development of 
sensitive and widely available diagnostic tests, there has been a lack of 
standardization in optimization and validation of new methods85. This has raised 
questions about both specificity and technical performance of molecular 
methods86 and will call for better coherence to validation guidelines as provided 
by e.g. Clinical and Laboratory Standards Institute (CLSI)87 or other laboratory 
standards organizations, to ensure the quality of test results in the future. 

qPCR 
The most commonly used technique in NAATs in infectious diseases today is 
qPCR, where the “q” denotes “quantitative”88. It is a development of the original, 
gel-based PCR technique, and was first described by Wittwer et al in 199789. In 
qPCR, fluorescent dyes or probes are most often used for detection of amplified 
DNA. The fluorescence intensity is often measured at the end of each 
amplification cycle. When the fluorescence intensity from the sample reaches 
above the background it is detected and a positive signal generated. The intensity 
initially increases exponentially, but then levels off and saturates. Depending on 
the initial concentration of target DNA in the sample, the number of amplification 
cycles before a positive signal is detected, varies.90 The cycle where the 
exponential increase in fluorescence begins is called cycle of quantification, Cq88, 
see Figure 5. Different kinds of fluorescent dyes or probes may be used, which can 
be target-specific, e.g. TaqMan or Beacon probes, or unspecific, e.g. Sybrgreen, 
depending on the application. qPCR-based methods are typically semi-
quantitative, where the Cq value is used as an indirect measure of DNA or RNA 
concentration, but may also be quantitative. In the latter case a standard or 
calibration curve is used for absolute or relative quantification. For quantification 
of RNA, an initial step of cDNA synthesis is required, before the amplification 
starts. This is called reverse transcription (RT).90 The different approaches and 
considerations are further discussed in the methods’ section 
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Figure 5. A typical amplification plot from a qPCR-experiment. The Cq denotes 
the cycle when the fluorescence from the sample increases above the background 
fluorescence. 

Serology 
Serology is the collective term for methods based on detection of pathogen-
specific antibodies in body fluids, most commonly in blood. The presence and 
quantity of specific antibodies serve as an indirect sign of a present or previous 
infection. A class switch, from IgM to IgG, of the antibodies that are produced by 
immune cells of the B-cell lineage, usually occurs a few weeks after onset of 
disease, can be used to separate an acute response from a previous encounter with 
the pathogen. A positive IgM titer indicates current infection, but has low 
sensitivity due to low production upon reinfection and questioned specificity91. 
Serology was traditionally mostly used in CAP for diagnosis of atypical bacterial 
and viral infection. Since the introduction of more sensitive NAATs and other 
molecular methods, most of the antibody detection-based methods have been 
replaced in CAP diagnostics. Exceptions include rare causes of CAP like Coxiella 
Burnetti (the cause of Q fever) where the PCR has low sensitivity92 and 
Fransicella tularensis where serology is still in use93. 
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Disease Severity Scoring 

Clinical Scoring Tools 
Early identification of CAP patients with severe disease and increased risk of 
death is an important task for the treating physician, since late admission to 
hospital, and subsequently the ICU, is associated with higher mortality94. At the 
same time, hospital admission should be reserved for patients who benefit from 
in-patient care. To rely exclusively on subjective clinical judgement leads to 
excessive hospital admissions of CAP patients95. In addition, admission rate 
varies significantly between physicians when the decision is based on subjective 
criteria96. To improve the identification of low risk patients, a number of clinical 
scoring systems have been developed97. The first was the pneumonia severity 
index (PSI), published in 199798. Due to the complexity of this scoring tool, 
simplified variants have later been composed, the most studied being CURB-65 
and CRB-6599, which are now recommended in European as well as in the 
American IDSA/ATS guidelines4,8,12,13. Both PSI and CURB/CRB-65 perform best 
in predicting 30-day mortality, which they were originally developed for97. Even 
though up to 50% of deaths from CAP is estimated to be unrelated to the initial 
severity of the infection100, the area under the receiver operator curve (AUC under 
ROC) is reported to be between 0.70-0.89 and 0.73-0.87 for PSI and CURB-65, 
respectively101. The sensitivity for predicting ICU-admission or other aspects of 
severe disease, for example clinical failure, is lower97. For these kinds of 
predictions, other scoring tools have been developed, e.g. SMART-COP102 and 
SCAP103, but their predictive ability compared to PSI and CURB/CRB-65 is 
debated104. 

Sepsis 
Sepsis is at present defined as “a life threatening organ dysfunction due to a 
dysregulated host response to infection”, according to the recently adapted Third 
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3)105. 
Sepsis can occur in many types of infections, CAP included. Its definition is not 
based on the detection of a specific pathogen, but on the severity of the organ 
dysfunction caused by the dysregulated host response106. A recent retrospective, 
Swedish study estimated the yearly incidence to 780/100 000 inhabitants107, 
which makes sepsis almost as common as CAP. Sepsis is a condition of high 
mortality, reflecting the severity of the infection, with an estimated 215 000 
deaths yearly,  in the United States alone108. According to the latest definitions, 
based on a large retrospective study, sepsis should be suspected in patients 
outside the ICU with two or more of the following criteria: Respiratory rate 
>22/min, Glasgow coma scale <15 and systolic blood pressure <100 mmHg106. 
The diagnosis of organ dysfunction is in clinical practice represented by an 
increase in the Sequential Organ Failure Assessment score (SOFA)109 of two or 
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more110. The previous sepsis definition was used in this work, which defined 
sepsis as the suspicion of an infection in a patient with two or more systemic 
inflammatory response (SIRS) criteria: Temperature >38° or <36°, respiratory 
rate >20/min or PaCO2 <4 kPa, heart rate >90/min and leucocyte count >12 x109 
or <4 x109 111. The pathophysiology of sepsis is far from known. Theories and 
clinical studies of hyper-inflammation, over-activation of the immune system and 
the so called “cytokine storm” have dominated the clinical and academic 
paradigm112. During recent years, new knowledge about metabolism and 
interaction between the host and the pathogen has challenged previous beliefs 
and lifted issues concerning immune suppression, mitochondrial dysfunction 
and energy supply113,114. 

Biomarkers for Diagnosis and Prognosis 
Because of the diagnostic challenge and difficulties to predict severity as well as 
death and other adverse outcomes in CAP, biomarkers to guide clinical decisions 
have rendered much interest. A biomarker can be defined as a biological 
characteristic that functions as an indicator of a biological process, e.g. a 
treatment response, pathological condition or healthy state. Different kinds of 
biological compounds can function as biomarkers, including proteins, 
metabolites or genetic material.115,116 Clinically helpful biomarkers for CAP must 
provide information, not available by standard assessment, which improves the 
physician’s ability to make decisions about for example treatment and level of 
care. A large number of biomarkers claiming to achieve this have been suggested, 
most of them have not been used clinically.116,117 This section does not aim for a 
comprehensive overview of the research field but describes the most commonly 
used inflammatory biomarkers in clinical practice.  

C - reactive protein 
C-reactive protein (CRP) is one of the most widely used and studied markers of 
infectious disease and was suggested to be of relevance in CAP by Smith et al in 
1995118. It is an acute phase reactant, synthesized in the liver, predominantly as a 
response to interleukin-6 (IL-6) secretion119. CRP is recommended for guidance 
of diagnosis and treatment in both Swedish and British guidelines for CAP, above 
other similar markers like PCT, due to its availability and cost effectiveness4,8. In 
the original study, Smith et al found that all CAP patients had CRP levels above 
50 mg/l, and a cut off level of 100 mg/l could distinguish CAP from acute 
exacerbation of COPD118. Following studies have supported the use of CRP to 
distinguish CAP from other LRTI. Pneumococcal CAP, especially when 
complicated by bacteremia, seems to give an intense inflammatory stimulus with 
following high CRP values, as do Legionella infections.120,121 However, later 
studies have not found this correlation with etiology122,123. Le Bel et al used chest 
CT to diagnose pulmonary infiltrates and extensive qPCR-based diagnostics for 
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viral and atypical pathogens in non-severe CAP. They found CRP to be useful to 
diagnose definite CAP (AUC 0.787), but not to distinguish viral from bacterial 
etiology.123 A number of studies have explored the prognostic potential of CRP, 
with conflicting results120,122,124–127. It seems like the dynamics of CRP 
concentration over time is more useful in this aspect than the absolute value 
during the acute phase. Two studies following the dynamics of CRP after 
admission concluded that less than a 50% reduction by day four and a 25% 
reduction at day two, respectively, was associated with increased 30-day 
mortality124,126. 

Procalcitonin 
Calcitonin is a thyroid hormone of mild hypocalcemic effect, but no vital function 
in humans. PCT is the pro-peptide precursor of this hormone128 and derived 
mainly from non-thyroid tissue. It is vastly studied as a biomarker for diagnosis 
and prognosis of CAP as well as other bacterial infections such as sepsis116,129. The 
predictive and diagnostic ability of PCT compared to CRP has been a subject of 
debate130. Meta-analyses have argued that PCT is more specific for diagnosis of 
CAP, bacterial infection and sepsis than CRP116,119. However, questions have been 
raised about bias in inclusion criteria and design of the studies and in a meta-
analysis applying more strict criteria, the diagnostic value was only moderate131. 
In CAP diagnosis PCT has been proposed as a marker of pneumococcal 
etiology122,132, and also suggested to perform better in predicting severity and 
bacteremia in CAP patients122,125. Some studies, on the other hand, have found 
CRP to be a better biomarker for CAP123 especially in elderly patients133. Larger 
studies comparing these two biomarkers head to head in various groups of 
patients are needed, to further address their performance. As previously 
mentioned, PCT has also been used as a part in treatment algorithms to identify 
patients where it is safe to refrain from antibiotic treatment and where the length 
of treatment can be reduced32,134.  

Proinflammatory Cytokines 
Cytokines are soluble mediators of the immune system, which regulate both the 
innate and adaptive immune response to infection. Cytokines have various 
regulating functions including chemotaxis, cell differentiation as well as both 
induction and down-regulation of the inflammatory reaction.135 Due to 
methodological development during the last decades, simultaneous analysis of 
multiple cytokines is now possible through commercial kits, which has increased 
both clinical and research interest136. In CAP, studies have focused on previously 
known cytokines of the early innate response to acute infection such as IL-6, IL-
8 and IL-1β, for both prognostic purpose and etiological diagnosis135. To date, the 
clinically most used cytokine marker of acute infection is IL-6. The prognostic 
ability of cytokines seems to be dependent on sample matrix. Fernandez-Botranet 
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et al found evidence of decreased levels of pro-inflammatory cytokines in sputum 
samples of patients with severe CAP, compared to non-severe CAP, but higher 
systemic levels when measured in blood137. This finding was supported by Paats 
et al, who found a positive correlation of systemic levels of pro-inflammatory 
cytokines and disease severity, but no such correlation when the same markers 
where measured in BAL samples, even though they were clearly elevated as 
compared to healthy individuals138. They hypothesized that the findings indicate 
an inability in patients with severe CAP to induce and regulate an effective and 
balanced immune response. The linkage between high systemic levels of pro-
inflammatory cytokines has also been studied in viral CAP. Among others, Davey 
et al found a correlation between increased levels of e.g. IL-6, IL 10 and IL-2, and 
higher incidence of complications139. Rendon-Ramirez et al found TGF-β to be 
negatively correlated with SOFA score in influenza A (H1N1)pdm09 
pneumonia140. Cytokine levels also seem to differ between etiologies. Menèndez 
et al reported high levels of IL-6 and TNF-α in Legionella, S. pneumoniae and S. 
aureus infections and highest levels among patients with concurrent 
bacteremia141. In an early study from Örtqvist et al, pneumococcal pneumonia, 
especially invasive disease, was associated with high IL-6 levels121. However, 
cytokine analysis in CAP has its limitations. The most commonly measured pro-
inflammatory cytokines have proven to be unreliable due to low concentration, 
high individual variation and short half-life116. The levels in CAP has also been 
shown to vary in different patient groups. Particularly high variability has been 
seen between younger and elderly individuals, where the prognostic capacity of 
cytokines seems inferior among the elderly142. 

Leucocyte and Neutrophil Count 
Leucocyte and neutrophil counts have been used for a long time as markers of 
infectious diseases, and are part of the standard investigations in CAP patients. A 
leucocyte count of >15 x109/l has been proposed as a marker of bacterial cause 
(for S. pneumoniae in particular), but the overlap and individual variation 
between etiologies is large143. Recent studies have introduced the neutrophil-
lymphocyte count ratio (NLCR) as a more specific indicator of bacterial 
etiology144,145. These studies reported a high NLCR in pneumococcal pneumonia 
and other extracellular bacterial pathogens, and lower ratios in atypical and viral 
pneumonia, with predictive performance exceeding that of CRP. In the study by 
de Jager et al, non-surviving patients had a significantly higher NLCR145, which 
could indicate prognostic value. 

Lactate 
Lactate is a marker of anaerobic metabolism and indicates severe disease and 
poor prognosis in CAP and other infectious diseases146. In the latest definition of 
sepsis (Sepsis-3), a lactate level of >2 mmol/l together with hypotension 
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requiring vasopressor treatment, are the main criteria for septic shock105. The 
elevated levels of lactate seen in severe infections has been thought to derive from 
an impaired perfusion and oxygenation of tissues and organs, called occult 
hypoperfusion, ultimately leading to multi-organ failure (MOF)146. However, the 
evidence supporting this theory is not convincing, since earlier studies from e.g. 
Boekstegers et al have shown that tissue oxygenation is in fact elevated in 
systemic infections, compared to localized disease147. Other theories have 
therefore been generated, one being connections between lactate production, 
mitochondrial dysfunction, and immune cell activation in sepsis. Mitochondrial 
dysfunction has been shown to be a marker of poor prognosis in sepsis as 
described by Brealey et al148 and reviewed by Singer113. A difference in relation to 
the hypoperfusion theory is that oxygen is present in the tissues and inside the 
cells, but cannot be used due to malfunction of the mitochondria resulting in an 
impaired cell respiration and accumulation of lactate. Another aspect is the effect 
from intrinsic changes in immune cell metabolism following massive immune 
activation, as seen in severe infections. Activation of immune cells require a 
switch in energy production from oxidative phosphorylation to aerobe glycolysis, 
denoted the Warburg effect149. Some of the lactate measured in severe infections 
is probably derived from this switch in metabolism and could therefore be an 
indirect measure of the immune activation. 

Metabolomics 
Metabolomics is traditionally described as “the comprehensive study of all 
metabolites present in a biological system”150. It was recognized as a research 
field at the beginning of the century after publications by Fiehn151 and 
Nicholson152 describing metabolic profiling in plants and other biological models. 
Today, metabolomics is an important tool in what has been named systems’ 
biology; studies focusing on describing the complexity of an entire biological 
system instead of individual components, as exemplified by Herrgård et al in 
yeast153. In these complex studies, metabolic profiling is combined with other 
‘omics methods: Genomics, transcriptomics and proteomics, to form a complete 
picture of what generates a specific phenotype. Here, metabolomics creates an 
important link between the genotype and phenotype154.  

Metabolites are small products of the anabolic and catabolic processes of 
metabolism, commonly defined as <1500 Da in size. They can arise from the 
endogenous processes in an organism (endogenous metabolites) or from the 
outside environment (exogenous metabolites) and are a highly heterogeneous 
group of compounds: amino acids, small peptides, sugars, lipids and purines to 
mention a few. All metabolites in a specific compartment (intra- or extracellular) 
make up the metabolome. Compared to the genome, transcriptome and 
proteome, the human metabolome has been thought to be smaller in size, and 
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therefore more accessible for complete analysis. However, this has proved a false 
assumption, based on analytical difficulties and gaps of knowledge.150 There are 
currently over 90 000 quantified, predicted or expected metabolites in the 
Human Metabolome Database (HMDB), the most comprehensive online library 
of the human metabolome155. But, the metabolome has other important features 
that differentiate it from the transcriptome and the proteome. It is highly 
dynamic in nature; small changes in enzyme concentration or activity typically 
results in large variations in metabolite concentrations156, which are easier to 
detect. In addition, the shifts between concentrations in metabolic pathways 
occur quickly, in some cases within seconds compared to minutes or hours for 
mRNA and proteins. This can be exemplified by adenosine-tri-phosphate (ATP) 
and CRP, both important mediators of inflammation signaling, where ATP is 
rapidly degraded extracellularly157, while CRP has clinically measured half-life of 
>46 hours in successfully treated CAP patients158. For clinical studies and the use 
of omics’ methods in the discovery, this has important implications. A highly 
dynamic entity, like the metabolome, both increases the chance of finding 
biomarkers of rapid responses, but also requires stringent sample protocols to 
avoid bias due to metabolite degradation after sampling. These aspects are 
further discussed in the methodological considerations’ section.  

In metabolomics, two fundamentally different approaches to generate data are 
recognized: untargeted analysis and targeted analysis. Studies applying 
untargeted sample analysis typically uses semi-quantitative, broad-range 
methods to cover as many aspects of the system of interest as possible and is often 
denoted “metabolic profiling”.150,159 These studies are exploratory in nature and 
used when knowledge about where important changes in the metabolome occurs 
in a specific condition is not available or limited. The area of interest in the 
metabolome, e.g. central carbon metabolism or phospholipid metabolism, can in 
this way be pin-pointed for further investigations. Untargeted metabolomics is 
therefore said to be hypothesis generating, which is separated from the 
hypothesis-testing approach, traditionally used in science160. Targeted analysis, 
on the other hand, is used to specifically and quantitatively detect metabolites of 
interest, and are mostly used to validate potential biomarkers in larger cohorts150. 
These two approaches are nowadays’ commonly combined in the same studies, 
and variants using broad but targeted and quantitative methods are also used, as 
exemplified in sepsis research by Cambiaghi et al161. 

Due to the diversity in chemical structure within the metabolome, there is no 
single analytical method that is able to cover all metabolites of interest. There is 
a large variety of instrumentation and methods used in metabolomics. Most of 
them are based either on mass-spectrometry (MS) or nuclear magnetic resonance 
(NMR) spectroscopy. NMR has the advantages of requiring minimal sample 
preparation and is also considered highly reproducible both when it comes to 
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identification and quantification of metabolites. However, compared to MS, NMR 
is generally much less sensitive, which limits the resolution of the analysis. NMR 
also requires specific data analysis competence, which has been an obstacle in its 
usefulness.162 NMR spectroscopy was not used in this work and will not be 
discussed further in the thesis. MS-based methods are most often combined with 
either gas- or liquid-chromatography (GC or LC) for compound separation before 
mass analysis. The choice of analytical conditions will have a large impact on 
range and resolution of detected metabolites, as well as the identification 
process150 and is an important source of selection bias in metabolomics’ studies.  
Some of these aspects are further discussed in the methodological considerations’ 
section.  

Metabolomics in Infection and Sepsis 
Metabolomics offers possibilities in both basic research and biomarker discovery 
in the field of infectious diseases. As discussed above, there are important gaps in 
the knowledge about metabolic mechanisms influencing outcomes in severe 
infections, as well as a lack of diagnostic and prognostic markers that are specific 
and quick enough to influence the treatment of the patient. The most researched 
area within infection metabolomics is critical care. Sweeney et al recently 
reviewed 25 studies published since 2009, applying metabolomics to sepsis 
patients, with various control groups and outcome measures163. Most of the 
studies are clinical in nature, sampling patients with severe infections admitted 
to hospital. An exception is the study by Kamisoglu et al, which used an 
experimental sepsis model in humans, integrating transcriptional and metabolic 
profiling to characterize the early inflammatory response to lipopolysaccharide 
(LPS)164.  

Predicting death and other severe outcomes in sepsis is the most common 
approach in published studies. Among others, Ferrario et al, Su et al, Liu et al and 
Langley et al have showed that metabolomics can be useful for prognostic 
purposes in patients with severe infections165–168. Common findings in these 
studies were evidence of pronounced metabolic derangements preceding death, 
as signified by signs of malfunction in fatty acid transport and β-oxidation, citric 
acid cycle and gluconeogenesis as well as affected glycerophospholipid 
metabolism. The most comprehensive study among these was performed by 
Langley et al , which integrated metabolomics’, proteomics’ and clinical data to 
form a predictive model of mortality. The model, based on acylcarnitines 
(transporters of fatty acids), lactate, age and hematocrit, out-performed clinical 
scoring systems.165 Metabolomics has also been used to evaluate response to 
treatment in sepsis patients. Cambiaghi et al analyzed the dynamics of the 
metabolite pattern in patients with septic shock, who either responded to 
supportive treatment or progressed in their disease. Responding patients 
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successfully managed to begin normalizing the levels of a number of metabolites 
within 48 hours, e.g. lysophosphatidylcholines (LPC), phenylalanine, citric acid 
and myristic acid, while the non-responding patients did not.161 

Metabolomics have also been applied in various non-critical infections. Cui et al 
studied temporal changes in the metabolome of patients with dengue fever and 
found increased acute levels of an acylcarnitine, inosine, phenylalanine, cortisol, 
arachidonic acid and decreased phosphatidylcholine (PC) and LPC levels, which 
normalized as the patients recovered.169 Surowiec et al studied the metabolite 
pattern among children with malaria and were able to separate the patients 
according to severity and prognosis, only based on their metabolic profile170. They 
also found that levels of long-chain fatty acids positively correlated with levels of 
parasitemia. Näsström et al have studied metabolic responses to S. typhi and 
S. paratyphi infections, causing enteric fever. The authors proposed a metabolite 
model which successfully could distinguish between the two causative pathogens, 
and later validated it with a second cohort of patients.171,172 

Metabolomics in CAP 
The number of studies on metabolite profiling in CAP is markedly lower 
compared to in critical infections and in sepsis. Numerous studies have targeted 
single, or a small subset of potential metabolic markers in respiratory infections, 
such as kynurenine/tryptophan and arachidonic acid metabolism, as reviewed by 
Nickler et al117. However, few of these applied comprehensive metabolite analyses 
aimed at the global metabolic response in CAP. The research field is fairly new, 
as compared with other areas in metabolomics. The first studies were published 
in 2009-2010 by Slupsky et al173 and Laiakis et al174 and used urinary samples, in 
the latter case in combination with analyses of blood. Slupsky et al used an NMR-
based analysis and reported that patients with pneumococcal etiology presented 
with a specific and predictive metabolite pattern in urine. They had higher levels 
of, among other compounds, acylcarnitine, carnitine, 3-hydoxybutyrate, acetone, 
lactate, leucine and hypoxantine than patients with other CAP etiologies.173 The 
authors did not present any data on differences in disease severity between 
etiologies, which makes the interpretation of the metabolite data difficult, since a 
bias in disease severity can produce similar results, as discussed above regarding 
metabolomics in sepsis. Laiakis et al compared the metabolite pattern of 11 
children with severe CAP with community controls, using LC-TOF-MS. Again, 
hypoxantine, which is part of the purine metabolism, along with uric acid, 
glutamic acid and tryptophan, proved to be significantly affected.174 

In 2012, Seymour et al published a study on 30 patients with severe CAP and 
sepsis, of which 15 survived and 15 had died at follow-up 90 days after the 
infection. The purpose was to find prognostic metabolic markers associated with 
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90-day mortality. The metabolic pattern of the surviving patients was found to be 
distinct from non-surviving patients. They reported numerous affected metabolic 
pathways, notably long-chain fatty acid metabolism, lysolipid metabolism, 
xanthine metabolism as well as tryptophan, steroid and purine metabolism.175 
More recently, To et al presented data from a retrospective study on CAP patients 
with evaluation of metabolites as prognostic and diagnostic markers. The control 
group consisted of patients with extra-pulmonary infection or no infection. In 
contrast to other metabolomics’ studies in acute infections, To et al reported 
higher levels of LPC and sphingomyelins (SM) compared to controls, but also 
higher acylcarnitine species and ceramides. Low levels of lysophospholipid 
species as well as higher levels of acylcarnitines and ceramides were associated 
with severe CAP and mortality.176 Also here, the patient study group was not 
sufficiently clinically described in the article, which limits interpretability. Banoei 
et al published a study in 2017 combining NMR and GC-TOF-MS for metabolic 
profiling in patients with severe CAP caused by influenza A pdm(H1N1) virus. 
This group was compared with patients with less severe bacterial pneumonia and 
ventilated ICU controls. The patients with viral pneumonia, although more 
severely ill than the bacterial CAP group, showed lower levels of metabolites 
previously shown to predict severe outcome in CAP, e.g. urea, myo-inositol and 
phenylalanine, suggesting a specific metabolic response in viral disease. 
Increased levels of ketone bodies were associated with death in the viral 
pneumonia group.177 It should be noted that significant differences in age and co-
morbidities was present between the bacterial and viral CAP groups, which could 
affect metabolic responses. 

Towards Precision Medicine in CAP 
The development of quick and reliable etiological diagnostics, POC testing, 
specific biomarkers of prognosis and metabolic profiling in CAP is all part of the 
progress towards precision medicine, defined as “prevention and treatment 
strategies that take individual variability into account”178. This is not a new 
concept in medicine; an individual treatment approach has been applied in 
transfusion medicine for more than a century, and molecular markers for 
prognosis and tailored treatment in cancer has been a reality for decades and is 
currently developing fast179. Metabolomics plays an important role in this 
progress, through providing a powerful tool for phenotypical profiling180. In 
infectious diseases and CAP, this development has been much slower. The 
development of precision medicine in CAP was reviewed by Rello et al in 2016181, 
and these authors found few present applications of the concept. Treatment 
guidance based on severity scoring and PCT-guidance of treatment length are, 
maybe the two best examples in CAP. In contrast to the precision medicine 
concept, studies applying a “one-size fits all approach” is still the norm in research 
on immunomodulatory and metabolic treatments of severe infections, as 
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exemplified by corticosteroid and L-carnitine treatment in sepsis182,183.  The un-
stratified approach can be one reason why very few studies have shown positive 
results in evaluations at the group level. When the data from the L-carnitine study 
by Puskarich et al was reanalyzed, stratifying patients according to level of ketone 
bodies, the new analysis showed that patients with low levels proved to benefit 
from the treatment in contrast to patients with high ketone levels184. Although 
post-hoc analyses of sub-groups should be viewed with caution, the results are 
interesting.   

Finally, one important benefit of precision medicine is the intention to use 
multiple biomarkers and different pieces of diagnostic information to provide a 
comprehensive, yet systematic, evaluation of a patient with a condition. The 
approach can be used to depict a patient-specific profile of risk, prognosis and 
likely disease etiology. Here, metabolic profiling and diagnostic panels are of 
obvious relevance, with the possibility of providing important information about 
etiology, metabolic and inflammatory status. Combined with traditional, 
inflammatory markers, clinical signs, symptoms and radiologic examination, 
there is potential to improve the tailoring of both supportive and antimicrobial 
treatment. 
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Aims 

The aim of this work was to improve diagnostic and predictive methods in CAP 
and to increase the understanding of metabolic changes during the course of 
infection. 

The specific aims were: 

• Paper I: To develop and evaluate a common qPCR-based, diagnostic 
panel for bacteria and viruses known to cause CAP and thereby 
improving etiological diagnostics, through higher sensitivity and more 
rapid results. 

• Paper II: To investigate differences in metabolic patterns between 
patients with bacteremic sepsis and controls in order to identify possible 
markers of growth of bacteria in blood and etiology.  

• Paper III and IV: To explore the dynamic changes in the global 
metabolite pattern (Paper IV) and phospholipid levels (Paper III) during 
the course of infection and identify candidate biomarkers of early 
recovery and etiology. 
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Methodological Considerations 

In this section, the main methods used in this work are discussed. It will focus on 
method decisions that have been made and the risk of bias connected with such 
choices. Some technical aspects, advantages and limitations of the analytical 
methods will also be discussed. For a more detailed description of the specific 
methods used in the studies, see paper I-IV. 

Study Population and Patient Samples 

Paper I 
In Paper I, respiratory specimens that were sent for respiratory infection 
diagnostics to the Clinical Microbiology Laboratory (Norrlands University 
Hospital, Umeå, Sweden) were consecutively included. Since the purpose of the 
study was to technically evaluate the performance of a new qPCR-based 
diagnostic panel, and investigate the trueness and detection rate compared to 
routine diagnostic methods, this kind of non-selective inclusion of samples is 
acceptable. For practical reasons, samples used for method comparison studies 
are usually resident specimens, previously analyzed by standard methods. This 
approach is limited by lack of control of sampling conditions and insufficient 
information available regarding the clinical relevance of the diagnostic outcome, 
since no information other than the result of the standard method is available. 
For a more robust clinical validation of the new qPCR panel as a diagnostic 
method in CAP, clinical samples from patients with CAP should be analyzed. 
Between 40-100 samples are suggested suitable for the purpose185. The research 
question is then shifting to how well the method detects a clinically relevant 
pathogen, as compared to standard methods, rather than the technical 
performance such as limit of detection (LOD) or efficiency in the PCR reaction 
(discussed below). To ensure correct sampling and patient selection, this kind of 
study should preferentially be prospective. However, since a validation study of 
this kind should cover positive samples of all included analytes, as well as the 
whole spectrum of disease, this is not always possible, especially for rare 
targets185. 

Paper II 
Paper II was an observational case-control study, based on a subset of patient 
samples collected in a previous study at the Department of Infectious Diseases, 
Örebro University Hospital, Sweden186. The original study population consisted 
of 1093 consecutive adult patients, where a suspected systemic infection 
motivated blood culture sampling. Out of the study population, 65 patients with 
positive blood culture, out of 138 positive in total, were selected. The selection 
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was made based on the fact that these blood-cultures yielded growth of a few 
specified bacterial species known to be of high clinical relevance when found in 
blood187. The selection was made to decrease the risk of including cases with false 
positive results. Controls were selected from the same study, matched according 
to age and sex of the case subjects. In addition, all controls had an identified cause 
for their symptoms of bacterial infection, as well as negative blood cultures. Due 
to the holistic nature of metabolomics’ studies, measuring a large number of 
variables, the matching process is essential to minimize the risk of systematic bias 
in the analyses. With stringently matched cases and controls, in regard to age, 
sex, co-morbidities and clinical presentation, the chances increase that the 
observed differences in the metabolome is due to the underlying condition150, in 
this case bacteremia. This was done rigorously in this study, except in some 
aspects of the clinical presentation, where the cases were proven difficult to match 
in regard to their inflammatory status. An obvious limitation to the study in Paper 
II was that it was not originally intended as a metabolomics’ study. Therefore, the 
study design was not adapted to the special requirements in for example sample 
handling (discussed below), for optimal reduction of confounding factors. To 
avoid the matching process and the potential bias of it, a follow-up sample after 
recovery from the blood-culture positive patients, could have been used, to enable 
the patients to serve as their own control (as in the study of Paper III and IV). 

Morrow et al have proposed three questions for the assessment of potential new 
biomarkers: “(1) Can the clinician measure it? (2) Does it add new information? 
(3) Does it help the clinician to manage patients?”188 The first question is 
discussed in the metabolomics’ section of this chapter. The two latter are, 
however, related directly to the selection of study population when it comes to 
biomarker research. To ensure clinical relevance of observed differences in levels 
of potential biomarkers, between cases and controls, one needs to carefully 
consider what is compared and why. If cases and controls are too different so that 
they can already be separated according to clinical presentation and presently 
available biomarkers, the added information of additional metabolic markers is 
limited. In, contrast, if the groups are too similar, the chances of finding 
significant differences in the metabolome that can be of clinical use, are small. 
For a potential biomarker to be implementable in clinical practice, the study 
group cannot be too context-specific, it should ideally be applicable to all patients 
with a clinical syndrome, e.g. sepsis or CAP, as discussed by Sweeney et al163. One 
of the strengths of the study in Paper II was that it was well-balanced in this 
regard. Wide and non-selective inclusion criteria for a certain clinical syndrome 
to account for heterogeneity among patients, as well as moderate to large size of 
metabolomics’ studies, have been proposed as important factors to find 
‘generalizable’ biomarkers. In this aspect one could argue that this study 
optimally should have included a larger number of subjects, even if it is moderate 
in size, compared to previously published work.163 
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Paper III-IV 
The clinical study in Paper III and IV was an observational, prospective and auto-
controlled study of adult patients with suspected CAP, in need of in-patient care 
at the Infectious Diseases Clinic at Norrlands University Hospital (Umeå, 
Sweden). The study population was defined so that it would encompass patients 
with high likelihood of CAP with  enough severity to motivate the use of more 
extensive diagnostics, as recommended by Swedish guidelines for hospital-
treated CAP8. Patients who were known to be immunocompromised through 
immunosuppressive treatment or immunodeficiency were excluded, since the 
spectrum of etiologies and host response in this group is likely to be different from 
other patients. 

In this case, the study was intended as a metabolomics’ study from the beginning. 
Thus, the sample protocol and study design were adapted accordingly. The 
longitudinal design, where the same patient was sampled multiple times and also 
served as his or hers own control through convalescent samples, differentiates it 
from previous studies in CAP174,176,177,189, which are based on single samples. Apart 
from increasing the statistical power of the study, this type of design also enables 
analysis of temporal changes in the metabolome. In this way, the dynamic 
changes of potential biomarkers of acute infection and recovery can be studied 
and compared to already available inflammatory biomarkers such as CRP. 
Unfortunately, this is an uncommon approach in metabolomics’ studies. Most 
published studies performed in sepsis use one, or at most two, sampling points165–

168. An exception is the previously discussed study by Cui et al, in which a 
longitudinal approach is adopted169.A disadvantage of this study design is the 
difficulties to enroll a large enough study population, since the sampling is labor-
intensive.  

The study in Paper III-IV was limited by the small number of enrolled patients, 
which is a clear disadvantage in a study applying broad inclusion criteria resulting 
in a heterogeneous study population. This also resulted in a gender bias between 
etiologies, which is difficult to fully compensate for during data analysis. The 
limited number of patients also precluded analyses of treatment effect and 
differences in dynamics of metabolite pattern between etiologies, e.g. viral and 
bacterial etiologies, which was initially planned. 

qPCR for Etiological Diagnosis 
The development within the field of molecular diagnostics generally, and within 
qPCR specifically, have been enormous during the last decade, both in clinical 
practice and in research. During this development there have been no consensus 
regarding validation of these methods, but multiple recommendation and 
guidelines have been presented, in published articles86,185 and in guidelines by 
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laboratory standards organizations, such as CLSI87. Among research articles 
involving qPCR-based methods, there have often been a serious lack of reporting 
of the validation process, which has resulted in difficulties in reproducing 
results190. This has led to the development of specific guidelines for publication, 
most notably the MIQE guidelines88 published in 2009. Still, validation and 
proper reporting upon publication are important issues in molecular diagnostics. 
This section will discuss some of the most important aspects of the development 
and evaluation of qPCR based diagnostics for CAP. 

Specimen Types 
Two specimen types, sputum and NpS/NpA, were used for evaluation of the 
diagnostic qPCR panel in Paper I and later for etiological diagnostics in Paper III-
IV. Both types of specimen are recommended to be obtained from hospitalized 
CAP patients in Sweden8, while sputum is the most recognized sample type 
internationally4,13 for culture of bacterial pathogens. Both sputum and NpS/NpA 
have the advantage to be collectable with non-invasive methods, in contrast to 
BAL or PSB sampling that requires bronchoscopy for targeted sampling. In non-
intubated and awake patients, like the patients from the study in Paper III and 
IV, a bronchoscopy procedure can be unpleasant and demanding, especially 
during an acute respiratory infection. It is also rather time-consuming, since 
premedication and sedation of the patient is typically needed, which is an 
important reason to the limited role of BAL and PSB in routine diagnostics of 
non-severe CAP. However, compared to more invasive sampling, nasopharyngeal 
and sputum samples have a higher risk of contamination with the oropharyngeal 
flora. In addition, the correlation of culture findings of nasopharyngeal specimen 
with lower respiratory samples has been debated. The specificity for H. influenzae 
and S. pneumoniae in NpS samples in CAP have reported to be >80%47, which 
indicates that it can be useful in cases where other respiratory samples are not 
available, since it can be acquired from nearly all patients. As discussed above, it 
is generally recommended that sputum samples should be examined for 
representativeness by microscopy, but since some patients with pneumococcal 
pneumonia produce only non-purulent sputum, this recommendation is not 
absolute in CAP patients60. The sputum samples used in Paper I were all subject 
to microscopy and only included if >25 leucocytes and <10 epithelial cell were 
visible per 100x power field. In Paper III-IV, all samples were used for culture 
and qPCR, regardless of microscopy result, since pneumococcal pneumonia could 
not be ruled out at the time of enrollment. Even without the claim of a purulent 
sample, it can be difficult to obtain sputum from CAP patients. Induced sputum, 
which includes the inhalation of hypertonic saline before sampling, has been 
proposed to increase the yield, but has not proven useful in published 
studies191,192. 
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Apart from enabling its use in patients who do not produce sputum, the qPCR 
panel was optimized for both sputum and NpS/NpA samples for another 
important reason. The aim was to integrate diagnostics for viruses and bacteria 
in the same diagnostic platform, to simplify the laboratory workflow and increase 
the diagnostic yield by performing general and broad analyses, in contrast to 
specific diagnostics based on clinical suspicion of an etiology. The most used 
specimen types in virology are from nasopharyngeal secretions, acquired by 
either swab or aspiration, why NpS/NpA was an important specimen type to 
include. A study by Falsey et al compared sputum and nose swabs for respiratory 
viruses and found that only about one third of the positive findings were  common 
between the sample types193, suggesting that a higher sensitivity can be achieved 
by using both NpS and sputum samples when possible. This was done in the study 
from Paper III and IV. 

Sample Preparation and Nucleic Acid Extraction 
Before qPCR analysis, the samples usually need to be purified through nucleic 
acid extraction. Even though extraction is integrated in some commercial, 
cartridge-based, methods for respiratory pathogens194, this is usually a separate 
step in large-scale microbiological diagnostics. The sample preparation and 
extraction method is important to consider in an evaluation process, since the 
choice of method will impact the recovery of pathogen RNA or DNA in the extract 
as well as the other constituents of the sample, called sample matrix. Automated 
systems are most common and the extraction methods are usually based on glass 
fiber filters or magnetic beads for binding, washing and subsequent elution of the 
nucleic acids195. Yang et al compared different extraction methods for respiratory 
viruses and bacteria and found significant differences in performance between 
the methods. This resulted in large impacts on Cq values, especially concerning 
viruses195. It is therefore important to evaluate whole sample preparation process 
together with the qPCR reaction conditions upon validation of diagnostic 
methods, as stated by e.g. CLSI concerning analytical sensitivity (limit of 
detection)196. In both the development process in Paper I and the clinical study in 
Paper III and IV, the same automated extraction method, based on magnetic 
beads, was used for all clinical samples. This was done to ensure minimal 
variation in sample matrix and recovery rate between samples. 

Positive Controls, Negative Controls and Standards 
To monitor the efficiency, stability and possible contamination of the qPCR 
reaction, positive and negative amplification controls must be included in all 
qPCR runs185. Internal controls for monitoring inhibition may also be included; 
this concept will be further discussed below. Negative controls are often 
synonymous with “no template controls” (NTCs) and are usually the qPCR 
reagent mix with added water instead of sample or standards88.  
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However, negative patient samples with nontarget DNA/RNA are preferable. 
Positive controls should be included for all analytes in the assay. For qualitative 
assays, like the qPCR panel in this work, these could be of a single concentration, 
while for quantitative assays; at least two different concentrations of the standard 
should be included. Extraction controls (positive and negative) are also 
recommended.185 

Which type of standard that is the best to use for diagnostic qPCR, is debated. 
Purified PCR product was commonly used previously, but has been shown to be 
sensitive to degradation, resulting in variable results197. In addition, the handling 
of amplified PCR products is associated with a risk of contamination in the 
laboratory. Purified bacterial cultures, where the concentration is measured 
either by culture and colony counting or by cell sorting, have also been studied as 
standards198,199. For certain pathogens, e.g. S. pneumoniae, culture as a method 
for determining concentration is associated with significant sources of error due 
to autolysis198. This variability is not optimal for generating reproducible results 
and defining relevant cut-off levels. The culture approach is also suboptimal for 
viruses, fastidious and intracellular bacteria. Plasmids, with cloned fragments of 
the target sequence, have become a popular choices in recently published articles. 
They are easy to produce in large amounts and to purify, stable and 
uncomplicated to estimate the concentration of, with spectrophotometric 
methods. Plasmids are, however, not without sources of error either. A study by 
Hou et al showed that circular plasmids resulted in significantly higher Cq values 
than linear plasmids, due to supercoiling of the DNA structure, and suggested 
therefore the use of linearization200. Also, since plasmids constitutes of DNA, 
their amplification does not include the RT-step required for RNA viruses. If 
plasmids are used as standards for RNA, the RT step has to be assessed separately 
during the validation process. Regardless of which standard is being used, it is 
important to keep the sample matrix intact when performing calibration or 
sensitivity studies, since it can have a large effect on the amplification185. In the 
diagnostic qPCR panel developed in this work, linear plasmids were used as 
standards during the evaluation process. In addition, bacterial DNA and viral 
RNA were used to ensure the PCR-efficiency. 

Target Sequences and qPCR Conditions 

Target Gene Sequences 
The choice of target sequence is perhaps the most important step in the design of 
a diagnostic qPCR assay, since it will affect sensitivity, specificity and clinical 
usefulness of the method. For all pathogens included in the qPCR panel, multiple 
target genes and sequences have been evaluated, e.g. ply, lytA and Spn9802 for 
S. pneumoniae201 and P6, rnpB, 16S rRNA, and bexA for H. influenzae202. In the 
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development of the qPCR panel, a literature search was done to identify target 
sequences, or when suitable target sequences were absent, target genes, 
previously validated in regard to sensitivity and specificity. Before deciding which 
target sequences to use, the specificity for all sequences were analyzed in silico by 
primer BLAST and BLAST search203. For Influenza A, the high mutation rate in 
the genome poses a challenge for assay development, since mutations in target 
genes can decrease the sensitivity of a diagnostic assay, even within an ongoing 
epidemic204. This requires surveillance and continuous adjustments, or addition 
of, target sequences. During the development of the qPCR panel, a mutated 
Influenza A strain appeared, which demanded adjustment of the assay for 
optimization of the sensitivity.  

Primer Design 
To enable the combination of assays to a single panel with the same reaction 
conditions, primers and probes must have similar annealing temperature (Ta) 
and melting temperature (Tm), where Ta is the more important. When creating a 
new qPCR assay it is generally recommended to design multiple primer pairs and 
to test them experimentally.205 In this study, however, the specificity of already 
tested target sequences was valued higher than perfect optimization of Ta, why 
this step was omitted. Amplicon length and composition are also important 
factors. The length is usually recommended to be around 60-90 base pairs (bp) 
for probe-based assays and somewhat longer, 80-150 bp for unspecific dyes like 
SYBR green, with a GC-content close to 50%. The primers should be designed to 
avoid primer-dimer formation which may lead to unspecific amplification with 
decreased efficiency or even false positive signals.205 The risk of primer-dimers 
can be assessed in most primer design software’s, but should also be tested 
experimentally. In this work it was done by analyzing the PCR-product with gel-
electrophoresis, but it can also be accomplished by melt-curve analysis. When 
combining multiple primer pairs in a multiplex assay, the risk of primer-dimer 
formation, as well as other unspecific amplification, increases, and should be 
assessed. 

Probes, Dyes and Reagents 
As mentioned in the introduction, detection of amplified DNA is performed by 
fluorescent probes or dyes. For all qPCR assays in this work, a probe based 
detection of the amplicons was used. The main advantage of using sequence-
specific probes, in this case hydrolysis probes206, is that multiple targets can be 
combined in multiplex assays with preserved specificity. Importantly, the use of 
probes does not solve the problem of unspecific amplification, and interaction 
between probes is still possible through overlap in excitation and emission 
spectra90. The latter must be optimized through the choice of fluorescent 
reporters with clearly separated spectra to avoid interference, often denoted 
cross-talk, illustrated in Figure 6. In this qPCR panel FAM and VIC with non-
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fluorescent quenchers were used. The lack of good, well separated reporters, 
however, limited the number of targets in the same reaction. The availability of 
reporters compatible with the instrumentation used with the qPCR panel has 
increased since the development of the panel was completed. 

 

Figure 6. Schematic illustration of overlapping probe emission spectra, leading 
to interference, called cross-talk.  

The qPCR reagent mixes used in the diagnostic panel were combined to allow 
simultaneous detection of viral RNA and bacterial DNA under the same reaction 
conditions. For viral detection, a one-step RT master mix was used, which 
allowed the RT step to be performed on the reaction plate, prior to activation of 
the DNA polymerase. Both mixes were optimized for multiplex assays, with 
higher-than normal concentrations of magnesium ions and deoxynucleoside-
triphosphates (dNTPs), which limit competitive inhibition of the amplification. 

Evaluation of Technical Performance 

Analytical Sensitivity 
The analytical sensitivity refers to the technical performance of a qPCR assay and 
is defined as the minimum number of gene copies that can be detected in a 
sample, the Limit of Detection (LOD)88. LOD is different from clinical sensitivity, 
which refers to a test’s ability to detect a certain condition, e.g. pneumococcal 
pneumonia, see Table 1. Multiple methods for determining LOD in qPCR assays 
have been described, both theoretical and experimental. The most used, and 
recommended, approach is to experimentally determine the concentration of 
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DNA/RNA which gives a 95% hit rate, by analyzing multiple replicates of serial 
dilutions of target DNA/RNA around the LOD207. At least 60 data points are 
recommended for this purpose185. Other methods using combining experimental 
data and modeling have been described208, but are difficult to implement in 
clinical practice. The reaction conditions should resemble the clinical situation as 
much as possible, which includes correct sample matrix and variations of the 
other target DNA/RNA if the assay is multiplexed185. This was partly done in the 
development of the qPCR panel. Only six replicates were used in the LOD 
experiments and the sample matrix was not kept intact.  

Efficiency 
One of the most important technical parameters to assess in qPCR is the 
efficiency of the PCR reaction, since it may reveal problems like primer-dimer 
formation and inhibition. Still, it is to this date often overlooked, and may be a 
reason for the poor reproducibility in qPCR-based research, especially 
concerning the RT step209. Efficiency is defined as the number of target molecules 
that is amplified with each cycle, and should exceed 90% for well-designed assays. 
It is tested by analyzing serial dilutions of target DNA/RNA in multiple replicates, 
at least three to four for each dilution, and should cover the whole analytical 
range.210As for LOD, efficiency should be tested under realistic reaction 
conditions to catch e.g. interactions between primers in a multiplex assay. An 
approach to this has been described by Ishii et al211. Efficiency was evaluated 
extensively during the development process of the qPCR panel to combine primer 
pairs that did not interact, even when large differences of target DNA/RNA were 
present.  

Analytical Specificity 
As for LOD, analytical specificity refers to the technical aspects of the detection 
target, rather than the clinical specificity for a certain disease, see Table 1. It is 
assessed in silico during primer development, as previously discussed, and 
empirically. The experimental testing should include analysis of negative clinical 
samples for the detection of interfering substances, as well as cross-reactivity with 
genetically similar microbes and organisms likely to be present in the sample of 
interest.185 In Paper I, a panel consisting of bacteria known to colonize the upper 
respiratory tract and species similar to the target pathogens were analyzed to 
assess cross-reactivity. Negative samples were analyzed as part of the clinical 
validation. 

Inhibition 
When analyzing complex samples like sputum or, to a lesser extent, NpS. there is 
always a risk that inhibitory substances are present, which may hamper the PCR 
reaction and generate false negative results. The risk of inhibition is influenced 
by many factors, not all known, and includes composition of the qPCR mix, choice 
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of polymerase, primer affinity and the quality and purity of the extracted sample. 
The rate of inhibition must be investigated, which can be done by the use of 
extrinsic or intrinsic controls, the latter also referred to as internal controls185. 
Commonly used internal controls are reference genes of human cells, e.g. β-actin. 
The internal control is amplified in parallel with the target, and thus creates a 
multiplex reaction. In an already multiplexed assay this is a disadvantage, since 
it complicates the validation process. In addition, if the efficiency of the control 
PCR is different from the target PCR, this approach will lead to either under or 
over detection of inhibition. This is perhaps the main argument of using extrinsic, 
also called external controls. One example of this is the SPUD-assay, where Cq-
values of samples and water spiked with target DNA/RNA in known 
concentration is compared to detect inhibition212. This approach is arguably more 
accurate than the use of internal control, since reaction conditions are very 
similar to clinical samples, and was the method used in Paper I. Due to lack of 
sample material, not all samples were analyzed. 

Clinical Validation and Comparison with Standard Methods 
The validation process of qPCR-based diagnostics has rendered increased 
attention during recent years from both regulatory bodies, standardization 
organizations and the academic society210. This has resulted in a number of 
different recommendations on how to perform both the technical and clinical part 
of the validation, as described by e.g. Burd185, Rabenau86 et al and Newman et 
al207. Central concepts of qPCR validation are described in Table 1. In most 
guidelines, validation and verification are separated terms, where verification can 
be described as a less comprehensive form of validation, mostly used to verify the 
performance of already validated commercial diagnostic tests. As discussed, there 
is an important difference between analytical sensitivity or specificity and 
diagnostic analytical sensitivity and specificity. In Paper I, a technical and 
laboratory validation of the qPCR panel was conducted, mostly assessing the 
technical performance and accuracy of the detection of target pathogens in 
clinical samples, as compared to standard methods. However, this is not a 
sufficient validation of the diagnostic sensitivity and specificity in CAP. For this 
kind of validation, 40 samples, 10 positive, 10 low positive and 20 negative, for 
each of the target pathogens, have been suggested as a minimum for both 
qualitative and quantitative assays207 and was beyond the scope of this work. The 
qPCR panel was tested in CAP in the study from Paper III and IV, yet, the number 
of samples was too small to fulfill the criteria of a clinical validation. Precision 
was also not formally evaluated, though robustness was assessed by analysis of 
the positive controls. 
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Table 1. Definitions of commonly used terms in method 
validation/verification. Modified from Newman et al 2017207. Published with 
permission of the publisher. 

 

 

  

Verification Confirmation, through the provision of objective evidence, that specified 
requirements have been fulfilled. Verification specifically relates to 
confirmation that the laboratory using an assay can replicate the 
manufacture's performance claims when the test is used according to the 
package insert. 

Validation Confirmation, by examination and provision of objective evidence that 
the particular requirements for a specific intended use can be 
consistently fulfilled. It is the action (or process) of proving that a 
procedure, process, system equipment, or method used works as 
expected and achieves the intended result. Typically, manufacturers 
perform validation experiments, as well as laboratories using in-house or 
laboratory developed tests. 

Accuracy Closeness of agreement between a test result and an accepted reference 
value or comparative method 

Precision Refers to how well a given measurement can be reproduced when a test 
is applied repeatedly to multiple aliquots of a single homogenous sample. 
“Repeatability” refers to intra-run precision, and “reproducibility” refers 
to inter-run precision. 

Linearity The ability of the test to return values that are directly proportional to the 
concentration of the analyte in the sample; only applies to quantitative 
tests. 

Diagnostic sensitivity Probability that a test result will be positive when the disease is present 
(true positive rate, expressed as a percentage). 

Diagnostic specificity Probability that a test result will be negative when the disease is not 
present (true negative rate, expressed as a percentage). 

Analytical sensitivity The ability of an assay to detect very low concentrations of the analyte. 
Referred to as the limit of detection, or LOD; which is the lowest 
concentration of analyte that can be consistently detected. 

Analytical specificity The ability of an assay to detect only the intended target and that 
quantification of the target is not affected by cross-reactivity from related 
or potentially interfering organisms or substances. 
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Another limitation of the method was that it was only semi-quantitative. 
Therefore, no cut-off level for clinical significance, which is commonly used for 
culture of sputum, BAL and PSB60, could be applied. To be clinically useful, a 
quantitative approach in qPCR diagnostic is most likely needed, as proposed by 
Gadsby et al24, to be able to separate infection from colonization or 
contamination. The comparison with standard methods or “gold standard” is not 
always uncomplicated. For intracellular bacteria and viruses in CAP, where the 
standard method is usually a qualitative, qPCR-based method, the results are 
easily compared. Conversely, when an imperfect gold standard, such as culture of 
sputum or NpS for extracellular pathogens, serve as standard methods, the 
results are likely to be different. Morpeth et al concluded that the distribution of 
bacterial concentrations as determined by culture of S. pneumoniae was much 
larger than when the bacterial concentrations (genome-copies/ml) were 
measured with qPCR198. Also concerning identification, culture and biochemical 
testing is not always optimal, as shown by Wessels et al213. These differences have 
to be considered during the evaluation process, when discussion clinical 
relevance of findings and differences in detection rate. 
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Metabolomics 
Metabolic profiling as described in this thesis is not yet a clinically available 
method for diagnosis and prognosis of CAP and other disease conditions. The 
current roles of these kinds of studies are to generate hypotheses and specify 
areas of the metabolome that are of interest for further investigation. A number 
of methodological difficulties connected to bias in sampling, sample analysis, 
data analysis and interpretation, which are not yet standardized, hamper the 
clinical applicability. Apart from the choice of study population, as discussed 
above, an almost infinite number of factors influence the results of metabolomics’ 
studies and are potential sources of analytical error as well as bias. A few of them 
will be discussed in this section.  

 

Figure 7. Overview of the workflow of metabolomics’ studies. Modified from 
Brown et al, Metabolomics 2005:1214. Figure reprinted with permission of the 
publisher 
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Sample Matrices 
Various types of body fluids and tissues have been used for metabolic profiling. 
Due to high accessibility, the minimally invasive sampling and the vast clinical 
utilization, blood samples are most commonly analyzed. Different fractions of 
blood provide different sample matrices, serum and plasma being the most 
frequently featured in studies215. Both consist of the cell-free fraction of a whole 
blood (WB) sample. The difference is that in the case of serum, the blood is 
allowed to clot and hence does not contain proteins participating in the 
coagulation cascade. In plasma, an anticoagulant is added and the supernatant 
collected after centrifugation, which results in a higher protein content. Both are 
well-established samples types in clinical diagnostics. The main disadvantages of 
using serum compared to plasma are that the clotting process, which requires 
approximately 30 min at room temperature, may result in alterations of the 
metabolome, loss of certain metabolites, but also higher presence of peptides and 
protein fragments216. Since an anticoagulant is added to the collection tube of 
plasma, this can also introduce bias to a study if the collection material is not 
harmonized, even if small differences have been observed between 
anticoagulants216. Serum was the predominant sample type collected for the study 
in Paper III and IV, and the matrix used for all metabolic profiling, mainly for 
practical reasons connected to the sampling process discussed below. Whole 
blood is a much less studied matrix. One of few studies of metabolic profiling in 
infectious diseases was published by Stringer et al 2015217. They used a NMR-
based analysis and concluded that the concentration of most detected metabolites 
were higher in WB compared to serum. The authors argued that WB could be a 
preferred matrix in sepsis patients, since various degrees of hemolysis may be a 
source of error when plasma or serum is used217. WB was the matrix used in Paper 
II because of availability, since that was the sample type collected in the original 
study.  

Sampling and Sample Preparation 
Since the metabolome is highly variable, an unbiased sampling process with strict 
adherence to the study protocol is utterly important. To stop the metabolic 
processes in the sample, a quenching step is often utilized in experimental 
studies, consisting of e.g. rapid freezing or increase in temperature215. In clinical 
studies, especially enrolling patients with acute conditions outside office hours, 
the sample handling process is always a compromise between what is feasible and 
what is an acceptable sample quality, thus quenching is seldom used. All possible 
variation in sample handling, sampling material and storage should be avoided 
to not introduce variability and potential bias to the result150. In the study from 
Paper III and IV, which was designed for metabolome analysis, a high effort was 
put into getting good quality samples. This included dedicated, on-call personnel 
responsible for sample collection and handling, protocols for centrifugation and 
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freezing, standardized sampling material and aliquoted samples to avoid freeze-
thaw cycles. Despite these measures, variation in sample handling occurred of 
practical reasons due to difficulties in communication and sampling. The 
majority of samples were stored in -80°C within 60 minutes of collection. In 
Paper II, the sample collection process was not optimized for metabolic profiling, 
which was reflected in variations of sample handling. This was a major limitation 
of the study, since the variation in storage conditions was not controlled. Thus, 
potential bias between the two study groups may have impacted the result. 

The choice of sample-preparation method will deeply affect the metabolome, and 
thus inevitably the interpretation of observed differences, and is therefore an 
important source of selection bias218. Vuckovic has described the ideal sample-
preparation method for metabolic profiling as: non-selective, simple and fast to 
prevent metabolite degradation, reproducible and encompassing a metabolism-
quenching step215. All described methods involve some kind of compromise in 
these features, which has to be taken into account when analyzing the data. 
Multiple approaches have been described, e.g.: ultra-filtration, solid-phase 
extraction (SPE), “dilute-and-shoot” and solvent-extraction215. Different variants 
of the latter were used in Paper II-IV. For whole-blood, very few publications on 
sample-preparation were available at the time of the experiments. Therefore, a 
pilot study on different kinds of solvent-extraction methods was conducted on 
quality control (QC) samples before it was applied to the patient samples. A 
combination of chloroform, methanol and water was found to extract the most 
molecular features with least variation in the data (unpublished data). When it 
comes to serum, more data was available. One of the most comprehensive 
evaluations of sample-preparation methods was published by Want et al 2006219. 
They found protein precipitation with methanol, followed by centrifugation, to be 
the most reproducible and sensitive approach. A similar method was used in 
Paper IV for the global LC-TOF-MS analysis. In Paper III the aim was not global 
metabolite analysis with maximum coverage, but a targeted lipid profiling. Here, 
the recovery of lipid species had the highest priority, and therefore the sample-
preparation method was modified to target lipophilic compounds. This was 
accomplished by the use of a two-phase extraction protocol, keeping only the lipid 
phase for analysis. This type of sample-preparation has the draw-back of being 
technically more demanding, which may increase the risk of person-dependent 
errors. 

Experiment Design 
When studying biological samples with sensitive detection methods such as GC-
MS or LC-MS, where the samples interact directly with the instrument, some 
degree of analytical drift and changes in detection sensitivity is likely to occur 
during the analysis. In larger studies, it is recommended to divide the samples 
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into smaller batches to avoid some of these issues connected to impurities 
obstructing the column or decreased detector sensitivities150. In smaller studies, 
batch analysis may be avoided. These kinds of analytical issues in untargeted 
metabolomics have to be considered when designing the study. By randomizing 
samples in a way where cases and controls, gender, etiologies and other 
important factors are equally distributed during the sample-preparation process 
and analysis, the risk of introducing analytical bias is reduced. This was done for 
all analyses in Paper II-IV. In Paper IV, the samples belonging to the same patient 
were run consecutively, but in a randomized order between sampling points. To 
avoid batch effects, all samples were analyzed in the same runs. QC samples, 
blank controls, as well as internal extraction controls were used throughout the 
analyses to assess the stability of the detection and matrix effect of the samples. 
In addition, methyl stearate was used in Paper II to track sensitivity of the 
detection and an alkane series was run to enable the construction of retention 
indices (RI). 

Metabolite Analysis 
Many different methods have been described for global and targeted metabolite 
analyses. In this section, the MS-based methods used in this work will be 
discussed. Since no analytical method is able to completely cover the vast 
diversity of the metabolome, the choice of method will impact the results and the 
interpretation of biological differences. The analysis of complex samples, such as 
WB or serum, requires an efficient separation of the analytes, in this case 
metabolites, and then a precise measurement of their masses. The analytical 
methods used in metabolomics can thus commonly be likened to a detailed 
separator (chromatography) coupled to a very exact scale (mass-spectrometer). 
Depending on the properties of the separator and the scale, different types of 
metabolites are more or less likely to be detected, according to their chemical 
properties. 

GC-MS 
GC-TOF-MS was the method of analysis used in Paper II. Chromatographic 
separation is based on differences among analytes in the interaction with the 
stationary and the mobile phase of a column. In the case of gas chromatography 
the mobile phase is a gas, e.g. Helium, and the stationary phase lined on the inside 
of a capillary column, typically 10-60 m in length. The carrier gas flows through 
the column at the same time as the temperature is varied from low to high. 
Depending on the metabolites’ boiling point and polarity, the time they are 
retained in the column will be different, this is denoted retention time.150 To be 
able to pass through the column, the metabolites have to be volatile. However, 
many polar, naturally occurring metabolites are not volatile within the 
temperature range used during analysis. To increase the volatility of the 
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metabolites, derivatization is usually performed. Derivatization is carried out 
after the sample preparation, in close proximity to the analysis. The most 
common derivatization method, which was also used in Paper II, is silylation in 
combination with oxymation, which means that the hydrogen in polar 
compounds, for example hydroxide groups, are exchanged for a silyl group220. 
After separation of the metabolites they are introduced to the mass spectrometer. 
The mass analysis includes three main steps: Ionization, separation of ions 
according to their mass to charge ratio (m/z) and detection. An ionization method 
commonly used with GC is electron ionization (EI). EI is a so-called hard 
ionization technique, which is performed in vacuum and results in fragmentation 
of the metabolite. This has the advantage such that a fragmentation spectra is 
acquired, which can be used for identification through comparison with spectra 
from previously detected metabolites in libraries. This facilitates the 
identification process. After being ionized, the analytes are accelerated in an 
electrical field within the mass analyzer. This creates a further separation, this 
time between the ions, since ions with higher m/z ratio will travel slower to the 
detector than those with lower mass and higher charge. The method is therefore 
called time-of-flight (TOF). When an ion is detected, a signal proportional to the 
abundance of the ion is created. The resolution of the detection is dependent on 
the acquisition rate of the mass detector. Compared to other mass analyzers, such 
as the quadrupole, are the main advantages of TOF the high acquisition rate and 
high mass accuracy.221 GC-TOF-MS is a commonly used method in metabolomics 
since it offers a high chromatographic separation, a possibility to use 
standardized RI due to the use of alkane series during analysis and the availability 
of libraries containing fragmentation spectra of putative metabolites which 
greatly facilitates the identification process in untargeted analysis. Compared to 
modern LC-MS techniques, however, GC-MS detects a significantly lower 
number of metabolites. The derivation step is also, part from an extra procedure 
in the sample preparation, a potential source of error.  

LC-MS 
Two different LC-MS methods were used in Paper III and IV, targeted and 
untargeted, respectively. In liquid chromatography, the stationary phase is 
typically non-polar, and in contrast to GC, the mobile phase is a liquid. LC was 
introduced much later than GC, mainly since the ionization techniques used, 
which requires atmospheric pressure, was made available in the 1990s. The low 
chromatographic performance of previous LC columns were also an important 
reason for its limited use until 2004, when ultra-high performance LC (UPLC) 
was introduced222. Today, LC in metabolomics is practically synonymous with 
UPLC, where high flow-rates, high pressures and small column particles enables 
high chromatographic separation. The most common method, which was used in 
Paper IV, is reversed phase UPLC. Here, a solvent gradient from high water 
content to high organic solvent content is applied during the analysis, comparable 
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to the temperature gradient used in GC. Another type of LC, generally suitable for 
more polar compounds like amino acids, is hydrophilic interaction 
chromatography (HILIC), which was used for the targeted LPC method 
developed in Paper III. This method uses a hydrated silica column and the mobile 
phase is varied from hydrophobic to hydrophilic. The ionization techniques used 
with LC are usually based on soft ionization, and thus does not result in 
fragmentation of the analytes. Electron spray ionization is the most published 
method, in which a strong electrical potential is applied to the sample to create 
droplets with charged ions. Upon evaporation, through coulombic explosions, 
single ions are released, which enters the mass analyzer223. Different ions of the 
same precursor metabolite, denoted adducts, can be formed in this way, most 
commonly through the addition or removal of a proton or a sodium ion. 
Depending on the polarity of the electrical potential, positive or negative ions are 
formed. Often are both ionization modes combined to increase the detection rate, 
since some metabolites are more easily detected in either positive or negative 
mode. The soft ionization has the advantage that the ion is detected as one 
fragment, which gives information about the exact mass. However, the 
fragmentation spectra is often needed to correctly annotate the metabolite. Then, 
a tandem setup with two consecutive mass analyzers is commonly applied221. In 
Paper IV, a quadrupole coupled to a TOF (QTOF) was used for MS/MS analysis, 
where the quadrupole selectively picked certain ions (based on exact mass), 
which was fragmented and then analyzed by the TOF. The untargeted UPLC-
TOF-MS method applied in Paper IV is broad and sensitive for the detection of a 
large variety of metabolites. The major drawbacks are the matrix effect caused by 
direct sample interaction with the column, which leads to analytical drift and 
decreased sensitivity during longer runs, as well as the complicated and labor-
intensive annotation process due to lack of comprehensive metabolite libraries 
containing fragmentation spectra and standardized retention times. It is also not 
optimal for the detection of polar metabolites. For a better coverage of these, 
HILIC and reverse-phase UPLC can be combined223. 

Data Analysis 

Raw Data Processing and Metabolite Annotation 
Before the data from MS-analyses can be subject to any analysis or interpretation 
related to disease or outcome, multiple raw data processing steps have to be 
applied. The processing aims to transform the set of raw data files, typically one 
per sample, to a single data matrix which is suitable for further analyses. For 
targeted analyses, such as the method used in Paper III, this process is fairly 
straightforward by the use of standards and calibration curves. For untargeted 
analyses, however, the complexity increases significantly, due to the large 
number of analytes. 
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The raw data processing usually contains the following steps, as reviewed by 
Katajaama and Oresic224:  

• Filtering or smoothing of the raw spectrum to facilitate the feature 
detection and calculation of peak area. 

• Feature detection through peak-picking or deconvolution.  
• Alignment of peaks to adjust for analytical drift in retention time.   
• Normalization to remove as much of the systematic variation related to 

the analysis process as possible, such as run order, without losing the 
biological variation.  

For each of the processing steps multiple strategies exist which all affect the 
quality and interpretability of the data differently. Though it is beyond the scope 
of this thesis to discuss the processing steps in detail, it is an important point in 
all metabolomics’ project to ensure that the processing is handled with enough 
competence, since faults in e.g. peak integration and alignment can lead to 
serious misinterpretations of the results. In Paper II, two in-house developed 
scripts were used for hierarchical multivariate curve resolution (H-MCR)225 and 
calculation of peak areas of internal standards. The internal standard was then 
used for normalization of the rest of the dataset. This is a common, but not 
unproblematic approach, since systematic variation affecting a limited number of 
standards is unlikely to affect all other analytes in the same way. In Paper IV, a 
combination of software from Agilent (MassHunter Qualitative Analysis, 
MassHunter DA Reprocessor, MassHunter Mass Profiler Professional and 
MassHunter Profinder) was used for filtering, alignment and automatic peak-
picking. Normalization was done by dividing all peak areas by the first score 
vector from principal component analysis (PCA) of the internal standards, a 
strategy similar to that used in Paper II. Analysis software under general public 
licenses, which integrate preprocessing and data analysis steps, e.g. online XCMS, 
which is based on the open-source programming language R226, have become 
increasingly popular for all of the mentioned applications and are likely to 
simplify MS data processing in the future.  

For definite metabolite identification from putative molecular features, analysis 
of compound standards is required227. This was done for the different LPC species 
in Paper III. For untargeted analysis, this kind of identification process is 
generally not possible. Therefore, identification is by definition not performed in 
these kinds of studies. Instead, a common approach is that detected features are 
assigned a putative identity, based on resemblance to previous identified 
compounds in retention time (or RI in the case of GC-MS), exact mass and/or 
fragmentation spectra. This kind of “identification” is more correctly named 
annotation, and was the strategy used in Paper II and IV. As mentioned, the 
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annotation of metabolites is more straightforward in GC-MS analysis, due to the 
availability of both in-house and public libraries (e.g. NIST) containing 
fragmentation spectra and standardized RI. In Paper IV, where LC-MS was used, 
fragmentation spectra were unavailable for a majority of the features. The 
annotation was then performed manually using compound specific 
fragmentation patterns or in silico fragmentation by MetFrag228. This process is, 
however, labor-intensive and time-consuming, which limits the number of 
annotated metabolites. It also carries a risk of bias, since metabolites that are 
frequently found in metabolomics’ studies are more likely to be annotated in a 
new clinical material, while metabolites not easily found in libraries are 
disregarded.  

Multivariate data analysis 
The complexity of metabolomics’ data, with a large number of variables, high 
degree of correlation and missing values, makes univariate statistical methods 
unsuitable for primary data analysis229. Therefore, various multivariate statistical 
methods are often used to visualize trends in the data and to find differences 
between biological groups. The major strength with these methods is to reduce 
the complexity in the data, to enable interpretation of group separation and find 
the most important metabolites of interest, which can then be selected for further 
analysis230.  Two main multivariate methods were used for data modeling in 
Paper II-IV: PCA and orthogonal partial least squares discriminant analysis 
(OPLS-DA). In addition, multivariate logistic regression was used to analyze the 
predictive ability of selected metabolites. 

In PCA, the major variation in the data is explained through a smaller number of 
latent variables called principle components231. This is possible since many of the 
variables in a metabolomics’ data matrix are correlated. The variation from the 
large number of variables can therefore be projected into principal components 
which have a weight and a direction, were the first component describes the most 
variation and with subsequent components calculated until no more variation can 
be described by the model. The information from a large number of variables can 
in this way be visualized and interpreted; Figure 8 displays an example of how 
this kind of visualization can appear.  PCA is an unsupervised method, which 
means that information about biological group, e.g. disease state, etiology or time 
point, is not added in the model. Any visible differences in the model are thus 
based only on the variation within the data, which reduces the risk of analytical 
bias, over-interpretation and false positive findings. However, compared to 
supervised methods, such as OPLS, the discriminative capabilities of PCA is 
limited. PCA was in this work used for overview of the data with visualization of 
major trends, detection of outliers, initial selection of variables and in Paper II 
for picking out a representative test set for validation, described below. 
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Figure 8. Example of a score plot, a common data visualization tool in 
multivariate modeling. Groups of samples, in this case sampling time points 
during infection and recovery, are colored to clarify separation in the data.  

OPLS-DA is a development of PLS and OPLS, aimed at specifically investigate 
differences between two biological groups or sample classes232. These methods all 
model the variation in the data matrix in relation to a response variable, which 
can be binary (yes or no response) or continuous (age, run order etc.). OPLS and 
OPLS-DA models the orthogonal variation, which is unrelated to the sample 
class, in a separate, orthogonal component, which simplifies the interpretation of 
the data. They are statistically very powerful methods, with the ability to find 
small differences between biological groups, especially after variable selection. 
This calls for stringency in the description of modeling conditions and variable 
selection as well as model validation, since all visible separation between groups 
is not valid or relevant. Model validation can be done internally by cross-
validation (CV) or externally by the use of an extra sample set, “test set”, not used 
in the primary model. CV assesses the predictive ability of a model by leaving out 
a part of the samples, recalculating the model components, and finally predicting 
the response variables of the excluded group. This procedure is iterated until all 
samples have been excluded and predicted. The predicted response values are 
used to calculate the Q2 value, which is measure of how much of the variation 
related to sample class that the model can predict.230 The Q2 value was used to 
determine the number of components in the models and discard models with low 
predictive ability. A CV version analysis of variance (CV-ANOVA), where either 
the CV predictive residuals or the CV predictive score vectors are commonly used 
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for significance testing of PLS and OPLS models233, this was done for all models 
presented in this thesis. A p-value of <0.05 was considered significant. In external 
validation, a part of the samples are excluded from the supervised modeling and 
then used to test the models’ predictive ability. For this purpose, the use of an 
external cohort of samples is ideal, but seldom feasible. In Paper II, a training set 
and a test set was selected from the initial PCA analysis, before OPLS-DA 
modeling was commenced. If the model is able to predict the samples class, here 
exemplified by bacteremia or no bacteremia, in new samples, the validity of the 
model is strengthened. In Paper IV, the number of samples was too low to 
perform any external validation, which is a major limitation when interpreting 
the results. In this case, the model validation is based on the biological 
interpretation and analysis of the results in relation to previous findings.   

Pathway Analysis and Biological Interpretation  
If the purpose of a metabolomics study exclusively is to find new biomarker 
candidates for a specific condition, then the biological interpretation of the 
findings is not crucial. However, this is seldom the case, and knowledge about the 
biological background of differences found in the multivariate modeling can add 
valuable information of mechanisms behind disease processes. It can also be used 
to characterize underlying phenotypes and analyze differences in prognosis. 
Given the complexity of human metabolism, pathway analysis and the 
interpretation of such an analysis is extremely difficult. Multiple software to 
facilitate pathway analyses are now available, e.g. MetaboAnalyst, where 
information of both metabolic profile and gene expression can be integrated234. 
Yet, a large part of the analysis is performed manually, through metabolite search 
in databases such as Kyoto encyclopedia of genes and genomes (KEGG)235 and 
HMDB155. Since there is still much uncertainty in how disturbances of different 
metabolic pathways occur, these results should be interpreted with caution. In 
Paper IV, the pathway analysis was used to highlight specific pathways of interest, 
where a large number of disturbances, related to differences between groups, 
were noted. These pathways can then be selected for further, targeted analysis, 
either in new clinical studies or disease models. An important part of the 
biological interpretation is also to relate the observed differences in metabolite 
pattern to previous findings, both in similar diseases and in other conditions, to 
determine if they are specific or unspecific markers. This is important since many 
stress responses, e.g. inflammation, can lead to similar metabolic disturbances, 
independent of the primary triggering factor, as shown for LPC by Lindahl et al236. 
One should consider that all the sources of bias discussed above, such as selection 
of patients and sample matrices, sample preparation, method of analysis, data 
processing, metabolite identification and selection, ultimately affects the 
biological interpretation. In addition, there is a risk of confirmatory bias in the 
biological interpretation of complex data, where there is an element of 
subjectivity in the data analysis. This is always the case in metabolomics. 
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Therefore, repeated studies on new sets of samples, as well as mechanistic studies 
of specific pathways of interest are vital to move from hypothesis-generating 
research to valid and useful knowledge.  
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Main Results and Discussion 

Paper I 
The aim of Paper I was to develop a diagnostic qPCR-based panel for the detection 
of both viruses and bacteria of relevance in CAP. For this purpose, eight bacteria: 
S. pneumoniae, S. aureus, S. pyogenes, H. influenzae, M. catarrhalis, 
L. pneumophila, M. pneumoniae, and C. pneumoniae; and seven viruses: 
influenza A and B, RSV A and B and parainfluenza 1-3, were included. The 
diagnostic panel was evaluated for two common respiratory sample types: 
NpA/NpS and sputum. The extensive technical evaluation, results summarized 
in Table 2, showed that the assays of the panel had high sensitivity, good linearity 
over a range in concentration of approximately 10-105, and suitable amplification 
efficiency. The analytical sensitivity, LOD, ranged from 5-20 copies/reaction, 
when tested with the other target of the duplex reaction in high concentration, 
indicating that the interference between the two primer pairs and probes of the 
assay was minimal. Forty-four sputum samples and 50 NpA samples were 
analyzed to evaluate the agreement between the new diagnostic panel and 
standard methods. Also, more importantly, the added value of the panel approach 
compared to conventional, selective diagnostics was evaluated. The agreement of 
the panel results with culture and standard qPCR and diagnostic accuracy was 
generally high, as shown in Table 4. Compared to culture, the qPCR assays for S. 
aureus and H. influenzae detected a large number of additional positives. In most 
of these cases, the Cq values were high, corresponding to low bacterial abundance, 
which indicates that the findings likely were due to colonization rather than the 
cause of infection. The culture-positive samples had significantly lower Cq values, 
p = 0.0005 for H. influenzae and p = 0.0088 for S. aureus, indicating a higher 
DNA load in these samples. The lack of absolute quantification of nucleic acids 
was a disadvantage of the qPCR panel, since a concentration cut-off for clinical 
significance is likely to be relevant to separate colonization or contamination 
from etiology24. This may also be true for nasopharyngeal samples, where cut-offs 
are not currently applied in culture-based methodology. The relevance of these 
commonly detected bacteria in respiratory infections and in CAP remains 
uncertain. Although some studies have linked coinfection with multiple 
pathogens to a more severe disease22,237, this finding has not been confirmed by 
others24. 
 
In total, the panel had 113 positive findings in all samples, as compared to 38 for 
standard methods. Only four findings were unique to the standard approach, 
compared 77 unique findings by the panel, summarized in Table 5. Among these 
additional positives were, a number findings likely to be of relevance for the 
patient, such as: S. pneumoniae (9), M. pneumoniae (2), S. pyogenes (6) and 
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RSV (2). These positive findings were in most cases a result of the panel approach 
rather than high sensitivity of the qPCR assays, as the pathogens were not 
targeted by standard methods when they were not an expected cause of infection. 
The difficulty to clinically distinguish between different etiologies speaks in favor 
of using diagnostic panels instead of specific, suspicion-driven diagnostics in CAP 
patients, to increase the detection rate of etiological agents24,25. This is especially 
true in patients were a rapid etiological diagnosis is of high importance to ensure 
correct treatment, such as critically ill patients or in patients with co-morbidities. 
The selection of pathogens for the panel was done to achieve coverage of the most 
common and severe etiologies in CAP, how well this goal was accomplished can 
be questioned. Since the development of the panel, more data has become 
available on the frequency and relevance in CAP of other pathogens such as 
metapneumo virus and rhino viruses indicating that these agents may be more 
important than previously recognized21. In addition, several gram-negative 
bacteria could be considered in order to increase the usefulness in other clinical 
populations with pneumonia, e.g. HAP and VAP. The laboratory evaluation of the 
diagnostic panel successfully assessed technical performance and diagnostic 
agreement with standard methods. The evaluation, however, would have been 
stronger if analytic results had been correlated with clinical severity, treatment 
effect, and the clinical outcome. These latter data are needed for addressing assay 
cut-offs and the clinical relevance of the findings.  

Paper II 
The aim of Paper II was to investigate the metabolic pattern in patients with 
bacteremic sepsis and in control patients with similar symptoms but no bacterial 
infection, to identify possible biomarkers. Sixty-five patients were selected from 
an original cohort of 1093 patients and matched with 49 controls of similar age, 
sex and with comparable co-morbidities (Table 1). The main inclusion criterion 
was suspicion of sepsis, and blood culture was performed with all patients in the 
original cohort. In that aspect the case and the control group of patients were 
similar in the initial clinical assessment. There were, however, differences in 
inflammatory parameters: CRP and leucocyte count; as well as temperature, 
serum creatinine, thrombocyte count, LOS and the proportion of patients 
fulfilling at least two SIRS criteria. This indicates that the inflammatory reaction 
was more pronounced in the patients with bacteremic sepsis, which, at least 
partially, may explain the differences seen in the metabolic patterns. Global PCA 
of 107 putative metabolites obtained after raw data cleaning, metabolite 
annotation and reprocessing, showed separation between the two groups in the 
fifth principal component. The patients and controls were split in a work set, 
which was used for further analysis by OPLS-DA, and a test set which was left out 
of the multivariate modeling and used only for model validation. Characteristics 
and clinical variables of the two sets are specified in Table 1. Of the 107 putative 
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metabolites, 24 differed significantly between the bacteremic sepsis group and 
the controls, see Figure 5, most of them related to energy production or amino 
acid metabolism. Six metabolites were selected based on their importance to the 
group separation and predictive ability. An OPLS-DA model of these six 
metabolites: myristic acid, citric acid, isoleucine, norleucine, pyruvic acid, and a 
phosphocholine-like derivate, was highly significant (CV-ANOVA p = 4.1 x10-11, 
Q2: 0.66) and had good predictive ability when applied to the test set, see Figure 
4 C and 4D. Myristic acid was identified as the metabolite that contributed most 
to the group separation as well as to the predictive performance of the model. The 
predictive performance of both the model with six metabolites and with myristic 
acid alone was compared with a model based on the best laboratory diagnostic 
variables used in the standard care at the patients. The AUC of ROC curves 
derived from logistic regression modeling are displayed in Figure 6. For the work 
set, the differences between metabolites and currently available standard 
diagnostic variables were not pronounced. But when applied to the test set, the 
metabolite model (AUC = 0.931) and myristic acid alone (AUC = 0.977) 
performed better than a combination of temperature, CRP, thrombocyte and 
white cell count that were the best performing standard variables (AUC = 0.817). 
The results suggest that metabolite markers, and specifically myristic acid, a fatty 
acid of medium length, could be useful for predicting bacteremia in patients with 
symptoms of sepsis. Myristic acid and citric acid are both tightly related to fatty 
acid synthesis and oxidation. During infection, citrate is used for fatty acid 
synthesis, and lipolysis is a well-known metabolic response in sepsis, which can 
explain the alterations. The increased levels of pyruvic acid in patients with 
bacteremic sepsis are likely due to the shift towards aerobic glycolysis and an 
inhibition of pyruvate dehydrogenase which catalyzes the formation of acetyl-
CoA from pyruvate.149 Decreased levels of numerous amino acids during systemic 
infection has been described earlier, comprehensively by Su et al238, and are 
consistent with the findings of this study. Interestingly, one of the six metabolites 
was a phosphocholine-like derivate. The significance of phospholipids in 
infection is further discussed in the Paper III and IV section below. 

The study initially aimed at identifying biomarkers for different etiologies, as 
have been suggested possible in other studies171,174. However, the metabolic 
response proved to be very similar among the bacterial etiologies, maybe because 
of the homogeneity in severity among the patients with bacteremic sepsis, or the 
limited size of the study, why this aspect was not further investigated. Since the 
detected metabolic differences between patients with bacteremic sepsis and 
controls seem to be related to the severity of the endogenous inflammatory 
response, rather than based on pathogen-derived metabolites, one can speculate 
that this might have been the case in some previous studies reporting etiology-
specific patterns. This possibility calls for caution when designing metabolomics’ 
studies and also points out the importance of clinically well characterized patients 
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to enable correlation of the metabolite findings to inflammatory status. The result 
presented in Paper II is not directly comparable to other studies, because of the 
rarely used sample matrix, which was whole blood. GC-MS that was used for 
metabolite analysis is also, as discussed, much less sensitive than LC-MS, the 
most common detection method in more recent sepsis studies163. It therefore 
cannot be excluded that a more sensitive detection method might be able to 
demonstrate etiology-specific metabolite patterns.  

One strength of this study was the use of a test set of patients for model validation. 
Our study is also one of very few studies using whole blood for metabolic profiling 
in sepsis. This may be advantageous, since we analyzed metabolites without first 
removing red blood cells, thus avoiding the potential bias of variance in hemolysis 
during the removal process. A main technical limitation of our study was the non-
standardized sample handling, which may have influenced the results though the 
introduction of sampling-related bias.  

Paper III and IV 
Samples from a common clinical study were used for the metabolite analysis in 
Paper III and IV. The aim was to explore the dynamic changes in the global 
metabolite pattern and phospholipid levels during the course of infection. In 
Paper IV, the differences in metabolite pattern between etiologies was also 
investigated. Thirty-five patients with suspected pneumonia were included in the 
study. Two patients were excluded from analysis in Paper III and three patients 
from Paper IV, due to missing data or incomplete metabolite analysis. Of the 
remaining patients, 22 in Paper III and 21 in Paper IV received a CAP diagnosis 
of specified etiology. M. pneumoniae was the most common pathogen detected, 
followed by S. pneumoniae and H. influenzae. Two patients had sepsis of extra-
pulmonary cause and another five patients were diagnosed with either viral 
respiratory infection or exacerbation of COPD. Serial sampling of CRP and blood 
cell counts indicated a pattern typical for acute bacterial infection and recovery, 
with maximum CRP levels recorded on day 1 after start of treatment (24h in Paper 
IV). All patients included in the study were clinically judged by the responsible 
physicians to require hospitalization, but severity scoring by CURB-65 (median = 
1) indicated an overall mild to moderate disease. Clinical characteristics are 
summarized in Table 1, Paper IV.  

Dynamics of the Global Metabolite Response (Paper IV) 
To study changes between the different time points, pair-wise comparisons of 
metabolite patterns were made using OPLS-DA. Five different OPLS-DA models, 
based on 79 annotated metabolites, were constructed: 0-3h, 0-24h, 3h-24h, 
0-60d, and 24h-60d. All models revealed significant separation between the 
different time points, even as early as 3 hours after start of treatment. The 
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strongest separation was seen between the acute phase and the recovery at 
60 days. The models are summarized in Figure 1, Paper IV. The most prominent 
changes during the early acute phase, until 24 hours, was related to sphingolipid 
and glycerophospholipid metabolism, with marked decrease in sphingosine-1-
phosphates (S1P), PCs and LPCs. S1Ps are lipid species with important functions 
in immune signaling, lymphocyte trafficking and vascular integrity, and may have 
both pro- and anti-inflammatory properties, depending on origin239. Other 
significant changes during the first 24 hours were related to energy production, 
with decreasing levels of lactate, acylcarnitines and citrate. This could be signs of 
normalization of an infection-induced glycolysis and decreased fatty acid 
oxidation149. Shifts in purine metabolism, signified as decreasing levels of 
hypoxanthine, a downstream metabolite of adenosine, and increasing levels of 
adenosine, was also noted during the course of the recovery. Purine signaling has 
important implications in infection and in the regulation of the immune 
response157. Adenosine receptors, due to their regulatory properties of 
inflammation, have been proposed as drug targets in sepsis240. Pro-inflammatory 
receptors of extracellular ATP have been suggested as modulators of lipid 
metabolism241, indicating a possible connection between the findings of 
decreased phospholipid species and purinergic metabolites. ATP was not a 
detected metabolite in this material, which is not surprising due to its pronounced 
instability and short half-life in vivo.  

Late metabolic responses occurring between the acute phase (time point 0 and 
24h) and recovery (60d) was dominated by increasing levels of almost all 
phospholipid species and S1Ps, with the exceptions of ceramides and two SMs. 
All detected amino acids, except phenylalanine, increased from 24h until 
recovery, this increase was particularly noticeable for tryptophan and its 
metabolites. Phenylalanine, detected as a dipeptide, displayed a different kinetic, 
decreasing consistently over time from time point 0. Changes in physiologically 
important metabolic pathways uncovered by the pair-wise comparisons are 
summarized in Table 2, Paper IV. There are very few studies available describing 
a time course of metabolic changes during recovery from an infection like what is 
described for CAP patients in Paper IV. One is the study by Cui et al, where 
patients with Dengue fever were sampled three times during the acute and 
convalescent phase of infection and compared to healthy controls169. Although 
the sampling scheme was different and the patients were not given any 
antimicrobial therapy, their findings were remarkably similar to the results in 
Paper IV, exemplified by comparable dynamics of acylcarnitines, PCs, 
tryptophan, phenylalanine and purine metabolites. Thus, these results may be 
unspecific to CAP and more likely related to a general inflammatory response 
during successful recovery from infection. 
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Dynamics of Phospholipid Levels (Paper III) 
The prominent changes in phospholipid levels during the course of infection 
noted in the global metabolic profiling, led to interest in more detailed 
characterization of the phospholipid levels. For this purpose, a targeted, 
quantitative, LC-MS-based method was developed and used for the analyses of 
serum samples described in Paper III. Samples from day 2 after admission (about 
48 hours after start of treatment) were included in addition to all the time points 
examined in Paper IV. Quantitative analysis of LPCs, PCs and SMs confirmed the 
overall pattern found in the global metabolite analysis. The levels of all detected 
LPCs were lowest on admission to hospital, increasing until 60 days, with 
statistical significance reached on day 2. The same general pattern was found for 
most PCs and SM species (Figure 1, Paper III). The changes in PC levels were 
dependent of the degree of saturation of the fatty acids, where PCs containing 
saturated and monounsaturated fatty acids (MUFA) decreased until 60 days 
while PCs containing polyunsaturated fatty acids (PUFA) increased significantly 
(Figure 3, Paper III). Cytokine levels where measured in a subset of patients to 
correlate the LPC levels to inflammatory markers. Total LPC levels at admission 
were negatively correlated to levels of IL-1β, IL-4, IL- 6, IL-10, IL-12, G-CSF and 
MCP-1, indicating that a more pronounced inflammatory response was linked to 
lower LPC levels (Table 3, Paper III). To investigate the possibility that the 
decreased phospholipid levels were due to decreased food intake during acute 
infection, a fasting experiment was conducted. Phospholipid levels measured 
before and after 14 hours of fasting in 12 healthy individuals showed no 
significant variation, suggesting that decreased food-intake during acute disease 
was not an important factor to explain the phospholipid patterns observed.  

LPCs as markers of infection and sepsis are not an entirely new concept. Total 
LPC levels, as well as LPC/PC ratio has been shown to correlate with prognosis in 
sepsis and CAP patients242–244. Some other previous results, however, indicate 
that this response may not be specific to infection, but a part of systemic 
inflammation which may have several different causes. A study from Lindahl et 
al showed that LPC levels can be affected in various conditions, such as 
lymphoma and congestive heart failure236.Phospholipid metabolites, including 
LPCs, have a wide range of immune activation functions, such as chemotaxis of 
immune cells, macrophage activation and stimulation of epithelial cell adhesion 
molecules245. LPC 18:0 has also been proposed as adjunctive therapy in severe 
infections, showing promise in murine models246,247. The exact mechanisms 
behind the markedly decreased levels seen in patients with acute infections such 
as the CAP patients studied in Paper III and IV is still unclear. Possible 
explanations that remain to be investigated include a shortage of substrate, i.e. 
PCs, or an enhanced uptake and usage by tissues or cells. 
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Prediction of M. pneumoniae Etiology (Paper IV) 
One aim of Paper IV was to investigate if different CAP etiologies displayed 
separable metabolite patterns. We used OPLS-DA models to compare 
metabolomics data divided by etiology and found that M. pneumoniae patients 
versus all other patients showed significant separation, indicating that 
M. pneumoniae patients had a different metabolic response, Figure 3 A. Neither 
patients with S. pneumoniae etiology, nor any other CAP etiology, could be 
separated from the rest of patients using OPLS for analysis of the metabolomics 
data. Annotated metabolites that differed between M. pneumoniae and all other 
etiologies are summarized in Table 3, Paper IV. The main differences were 
attributed to two pathways: lipid metabolism and tryptophan metabolism. 
M. pneumoniae patients had higher levels of tryptophan and lower levels of its 
detected metabolites. They also presented with lower levels of acylcarnitines, 
FFAs, citric acid and phosphatidylethanolamine (PE). Four metabolites: 
tryptophan, 5-hydroxytryptophol, PE 18:0/18:1 and acylcarnitine 10:1, were 
selected based on their predictive capacity and biological plausibility and 
combined in a logistic regression model. The predictive capacity of the combined 
metabolites was compared to the best performing laboratory parameters: 
leucocyte count, neutrophil count, serum creatinine and CRP, using ROC curves 
and calculated AUCs (Figure 3 B, Paper IV). The metabolite model correctly 
classified all but one patient to a M. pneumoniae etiology or not. The AUC of ROC 
was 0.976 for the metabolite-based model, as compared to an AUC of 0.894 for 
the standard laboratory measurements used at our hospital. Whether the 
observed differences are related to an overall lower inflammatory response in M. 
pneumoniae patients, or a more specific metabolic reaction related to e.g. the 
intracellular lifestyle of the pathogen, is not clear based on the results from Paper 
IV. However, a recent study by Banoei et al suggested that the metabolic response 
in severe viral pneumonia was also distinct from other bacterial causes of CAP177. 
This provides some indirect support for that intracellular CAP etiological agents, 
like M. pneumoniae or viruses, might produce distinct metabolomics patterns.   

The results from Paper IV should be interpreted with caution since there are a 
number of confounding factors. One was the gender differences, with 78% of the 
M. pneumoniae patients being women, as compared to 43% in the non-
M. pneumoniae group. For this reason, separation by gender was also modeled 
by OPLS-DA, which rendered a less significant group separation (data not 
shown). The age of the patients were also different between the two groups, 
M. pneumoniae patients being significantly younger, which might have 
influenced the results. The lack of an external validation set of samples is a major 
limitation, which calls for a follow-up study to investigate the validity of the 
results. 
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Conclusions and Future Perspectives 

There is an urgent need for better diagnostic and prognostic methods for CAP to 
improve the clinical management and outcome for the patients. Despite recent 
technical developments, etiological diagnosis of CAP is still mainly based on 
insensitive laboratory methods with long turn-around-time that may rarely 
change clinical management. Prognostic biomarkers of clinical value are lacking. 
In this thesis, two main techniques: qPCR and metabolomics were used to 
improve diagnostic and predictive methods in CAP. 

The most important conclusion from the qPCR results was that the panel 
approach had a clear advantage, compared to selective diagnostics, through an 
increased detection rate of a number of clinically relevant pathogens. The use of 
a panel approach in molecular diagnostics of LRTI was not new when the 
development of the method started. However, the combination of both bacterial 
and viral pathogens of relevance in CAP, in the same diagnostic platform, had not 
been explored. The results illustrate the ongoing development in clinical 
microbiology, where the benefit of this kind of combined panel diagnostics has 
been acknowledged. This development has led to the availability of commercial 
as well as in-house syndrome-specific assays for diagnostics that includes both 
viruses and bacteria. What are lacking at present are not diagnostic techniques, 
but knowledge about the clinical relevance of the findings and implementation of 
that knowledge in the clinical management of patients. Historically, since the 
establishment of clinical bacteriology, culture-based methods have been 
considered gold standard for diagnosis of bacterial infections. In the younger 
clinical discipline virology, molecular techniques have before now replaced 
culture as standard methods. A similar shift is likely to occur for bacterial 
pathogens with the broad introduction of molecular detection diagnostics. What 
is most urgently needed now, to add real clinical value from using new molecular 
assays, is well-designed, clinical validation studies to investigate the significance 
of positive findings in relation to disease. Such studies will be more important 
than additional laboratory-based method comparisons. In addition, with the 
amount of diagnostic information increasing, stewardship initiatives connecting 
treating clinicians and microbiologists are needed to ensure correct 
interpretation of diagnostic findings.  

Paper II-IV concluded that untargeted and targeted metabolomics may be used 
to study a number of different aspects of infection, such as etiology, disease 
progress and recovery. Importantly, new knowledge about ongoing metabolic 
changes in infected patients can improve the understanding of the disease and 
recovery process. This kind of studies are made possible by the use of metabolite 
profiling instead of studying single biomarkers, which so far has dominated 
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research in infectious diseases. Knowledge of the metabolic profiles of patients 
may not only be utilized for biomarker development, as proposed in this work, 
but also for the future development of targeted therapies and to support or correct 
metabolic derangements. In contrast to qPCR, metabolomics is not at present a 
diagnostic method. MS-based methods were used in this work mainly to generate 
hypotheses and identify areas of interest within the metabolome to be targeted in 
further studies. A number of interesting changes were noticed. Changes were 
connected to purinergic signaling, energy production, amino acid metabolism 
and phospholipid metabolism, which could serve as potential early markers of 
bacteremia and of recovery. There is a clear clinical benefit in being able to early 
identify patients with a worse prognosis, in need of supportive treatment, as well 
as those with a favorable course of disease. In addition to these aspects, a specific 
metabolite pattern of patients with CAP caused by M. pneumoniae was detected. 
The results pointed at the possibility of using metabolic profiling for etiological 
diagnosis for certain pathogens. Findings of marked changes in phospholipid 
levels inspired the development of a targeted, quantitative LC-MS method for 
phospholipids. Subsequent targeted analysis revealed significantly decreased 
levels of all detected LPC species, which were negatively correlated to 
inflammatory cytokines. This indicated an association between the severity of the 
inflammatory reaction and the metabolic pattern. Lipid metabolism during 
infection is, to date, largely an unexplored area. The underlying 
pathophysiological mechanisms of the changes in lipid levels are therefore 
unclear.  

Like molecular diagnostics in clinical microbiology, systems’ biology for 
understanding disease pathophysiology, where metabolomics plays an important 
role, has undergone a very rapid development during the last decade. Improved 
and simplified methods of both sample analysis and data interpretation have 
increased the usage of broad profiling techniques. These techniques have the 
potential to identify patient phenotypes and stages of infection that otherwise 
may go undetected. Knowledge of, for example, disease stage, inflammatory 
status, genetic susceptibility and metabolic derangements could potentially be 
used to tailor treatments for infectious diseases in the same way biomarkers are 
currently used to tailor cancer treatments. The results of this thesis are a small 
step on the way to generate new such knowledge to manage patients with 
infection. The use of profiling for treatment tailoring, theragnostics, is likely to 
play an important role in infectious disease research as well as in patient 
management in the future. The small and relatively few, hypothesis-generating 
studies presented within the field so far, might be the beginning of a new era in 
clinical research, moving the infection field from the ”one treatment fits all” to 
precision medicine. To achieve this development, phenotypic and genetic 
profiling needs to be integrated in clinical treatment trials to enable identification 
of subgroups with different prognosis and treatment responses.  
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