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Abstract 

Stroke is a medical emergency that takes place when the supply of blood to an area of the brain 

is stopped or reduced. Brain injury produced by the initial cerebrovascular accident is 

responsible of a high proportion of associated deaths (5.9 million annually); however 

complications occurring in the days following the initial accident will be also responsible of 

important rates of morbidity and mortality. Post-stroke infections, more concretely pneumonia 

and urinary tract infections are the most common post-stroke complication, developing in 23-

65% of the patients and producing around 30% of the mortality occurring in the acute phase of 

stroke.  Even if their early diagnosis is necessary to start with antibiotherapy in the shortest 

delay, this is a challenging task for the doctors as there are not well established criteria between 

the different studies.  

Consequently, in order to apply new treatment strategies as soon as possible and to improve 

patient’s outcome, the aim of the present study was to discover and validate infection 

biomarkers able to predict the patients that will develop an infection during their hospital stay.  

By using quantitative proteomic approaches and including data of the literature, we highlighted 

two potential promising risk stratificator markers: neopterin and Serum Amyloid A (SAA). After 

validating the results with immunoassays on larger multicentric cohorts, we showed that 

neopterin correlated correctly with infection development from three days after hospital 

admission. More interestingly, SAA presented also this correlation capacity, but in this case it 

was able to distinguish at hospital admission the two groups of patients. Afterwards, using a 

home-made Panelomix tool, we combined neopterin and SAA with other individual clinical 

parameters (WFNS, GCS, age, WBC) in order to improve their prediction capacity. The 

combination formed by SAA, WFNS, WBC and age improved importantly the specificity (SP) and 

sensitivity (SE) values when comparing with individual markers, obtaining at hospital admission 

100% SP for 64.3% SE.  

In conclusion, this work has demonstrated that SAA and/or SAA in combination with other 

markers is an excellent tool to start antibiotherapy in an earlier stage, leading to a better 

management of the patients and to an improvement of their associated outcomes.   

Résumé  

Un accident cerebrovasculaire (AVC) est une urgence médicale qui se produit lorsque 

l'approvisionnement en sang à une zone du cerveau est arrêté ou réduit. Les lésions cérébrales 
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produites par l'accident vasculaire cérébral vont être responsables d'une forte proportion de 

décès (5,9 millions par an), mais les complications qui surviennent dans les jours qui suivent 

l'accident initial seront également responsables d’importants taux de morbidité et de mortalité. 

Les infections et plus concrètement la pneumonie et les infections des voies urinaires, sont la 

complication la plus fréquente, se développant chez 23-65% des patients et produisant environ 

30% de decès. Même si leur diagnostic précoce est nécessaire pour commencer avec 

l'antibiothérapie dans le plus court délai, celle-ci est une tâche difficile pour les médecins car il 

n'existe pas de critères bien établis entre les différentes études. 

Par conséquent, afin d’appliquer de nouvelles stratégies de traitement et d’améliorer le 

pronostic du patient, l’objective de cette étude était de découvrir et de valider des 

biomarqueurs d'infection capables de prédire les patients qui développeront une infection 

pendant leur hospitalisation.  

En utilisant des approches de protéomique quantitative et en incluant des données de la 

littérature, nous avons mis en évidence deux potentiels biomarqueurs: la néoptérine et la Sérum 

Amyloide A (SAA). Après avoir validé les résultats sur des cohortes multicentriques plus larges, 

nous avons montré que depuis trois jours après l’admission à l’hôpital la néoptérine corrèle 

correctement avec le développement de l'infection. D’une manière encore plus intéressante, la 

SAA a aussi présenté cette capacité de corrélation mais d’une manière plus précoce, étant déjà 

significativement différentiel à l'admission à l'hôpital. Ensuite, à l'aide d’un outil fait maison, 

Panelomix, nous avons combiné la néoptérine et la SAA avec d'autres paramètres cliniques 

(WFNS, GCS, âge, GB) afin d'améliorer leur capacité de prédiction. La combinaison SAA, WFNS, 

GB et âge améliore les valeurs de spécificité (SP) et de sensibilité (SE) lors de la comparaison 

avec les marqueurs individuels, obtenant à l'admission à l'hôpital 100% de SP pour 64,3% de SE. 

Les résultats actuels ont montré que la SAA et /ou la SAA en combinaison avec d'autres 

marqueurs est un excellent outil pour commencer avec l'antibiothérapie à un stade plus 

précoce, ce qui conduira à une meilleure prise en charge des patients et à une amélioration de 

leurs pronostic. 
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Abbreviations 

2D-gel: two dimensional gel electrophoresis 

aSAH: aneurysmal subarachnoid 

hemorrhage 

AD: Alzheimer disease 

AUC: area under the ROC curve 

A2DS2: age, atrial fibrillation, dysphagia, 

sex, stroke severity 

CDC: centers for disease control and 

prevention 

CHAPS: 3 [(3cholamidopropyl) 

dimethylammonio]-1-propanesulfonate 

CI: confidence interval 

CID: collision-induced dissociation 

CRP: C-reactive protein 

CSF: cerebrospinal fluid 

CT: computed tomography 

DAMPS: damage associated molecular 

patterns 

DCI: delayed cerebral ischemia 

DND: delayed neurological deficit 

ELISA: enzyme-linked immunosorbent assay 

ECG: electrocardiogram 

EVD: external ventricular drain 

ETD: electron-transfer dissociation 

FDR: false discovery rate 

FLAIR: fluid attenuation inversion recovery 

FTICR: fourier-transform ion cyclotron 

resonance 

GCS: glasgow coma scale 

GFAP: glial fibrillary acidic protein 

GOS: glasgow outcome scale 

GTP: guanosin-5-triphosphate 

HCD: higher-energy collisional dissociation 

 

HPLC: high-performance liquid  

chromatography 

HRP: horseradish peroxidase 

IAA: 2-iodoacetamide 

ICAT: isotope-coded affinity tags 

ICBT: iterative combination of biomarkers 

and thresholds  

ICH: intracerebral hemorrhage 

ICU: intensive care unit 

IFN-γ: interferon-γ 

iTRAQ: isobaric tags for relative and 

absolute quantification  

IL: interleukin 

IPG: immobilized pH gradient 

IQR: interquartile range 

ISAT: international subarachnoid 

aneurysmal trial  

IT: ion trap 

MRI: magnetic resonance imaging 

MRM: multiple reaction monitoring 

mRS: modified Rankin scale 

MSD: mesoscale discovery 

NIHSS: national institutes of health stroke 

scale 

NK: natural killer 

NSE: neuron specific enolase 

NP: neopterin 

PCT: procalcitonin 

PD: Parkinson disease 

pI: isoelectric point 

POCT: point-of-care testing 

PRM: parallel reaction monitoring 

Q: quadrupole 
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RBC: red blood cells 

ROC: receiver operating characteristic 

ROS: reactive oxygen species 

rtPA: recombinant tissue plasminogen 

activator 

SDS: sodium dodecyl sulfate 

S100β: S100 calcium binding protein β 

SAA1/2: serum amyloid 1/2 

SE: sensitivity 

SILAC: stable isotope labeling with amino 

acids in cell culture 

SMARTER: simultaneous marker discovery 

and verification for the rapid translation of 

exogenous reference material 

SIRS: systemic inflammatory response 

SP: specificity 

SRM: selected reaction monitoring 

TIA: transient ischemic attack 

TOF: time of flight 

OGE: off-gel electrophoresis 

OT: orbitrap  

TEAB: tetraethylammonium bromide  

TCEP: tris-(2-carboxyethil) phosphine 

hydrochloride 

TMT: tandem mass tags 

TOAST: trial of org 1072 in acute stroke 

treatment 

UTI: urinary tract infection 

WB: western blot 

WBC: white blood cells 

WFNS: world federation of neurosurgical 

societies

https://en.wikipedia.org/wiki/Sodium_dodecyl_sulfate
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1. Stroke overview 

Stroke is the leading cause of disability and the second cause of mortality worldwide. In 2013 

about 10.3 million people had a stroke. However, the incidence has strong variations according 

to the geographical location (1, 2). In France for example, the incidence ranges around 240 per 

100000 people while in Russia it can be around 600 per 100000 people (3). The proportion of 

deaths produced by cerebrovascular accidents worldwide is 9%, causing 5-7 deaths per million 

people per year (4, 5). Due to the thorough healthcare applied during the last decades, the 

stroke mortality is decreasing faster than the stroke incidence, which leads to an increase in the 

number of survivors and to a need of health-care patient management improvement (6). 

There are two different types of cerebrovascular accident: ischemic stroke, which accounts for 

87% of all strokes, and hemorrhagic stroke which accounts for the remaining 13% (3). In both 

cases, due to the lack of glucose and oxygen, brain cells start to die producing the associated 

symptomatology and complications. Transient ischemic attacks (TIA) are a condition, similar to 

stroke, in which the blood flow of the brain is blocked for a short time. However, in this case the 

brain cell damage is not permanent and cells do not die, so symptoms will resolve in less than 24 

hours (7).  

In this thesis project we will use the terms cerebrovascular accident or stroke indistinctly to refer 

to both types of stroke (ischemic and hemorrhagic). The terms “ischemic stroke” or 

“hemorrhagic stroke” will be used respectively to refer to each of the subtypes.  

1.1. Ischemic stroke 

Ischemic stroke occurs when an artery that supplies 

oxygen-rich blood to the brain is blocked (Figure 1) 

(3, 8). The incidence increases importantly with age, 

occurring 95% of ischemic strokes in people older 

than. High blood pressure and atrial fibrillation as 

well as high cholesterol levels, diabetes mellitus, 

cigarette smoking, alcohol consumption and obesity 

are some of the main modifiable factors that 

increase the risk of stroke development (9-12). 

Following a healthy lifestyle however, can reduce 

this risk improving the rates of death. 
Figure 1: representation of an ischemic stroke 
 with the blood clot stopping the blood flow. 
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According to the TOAST classification, able to identify the mechanism responsible of vessel 

occlusion, different subgroups of ischemic stroke can be defined (13, 14). Thrombotic stroke 

occurs when the blood clot is formed inside one of the brain arteries (15). Clinically, it accounts 

for around 50% of all the ischemic strokes and in most of the cases it is due to disease of the 

arterial wall, such as atherosclerosis. Depending on the location of the blockage, two different 

subtypes can be distinguished: large vessel thrombosis, when the blockage of large arteries is 

produced or lacunar stroke, that occurs when a small artery arising from larger arteries of the 

brain is blocked (16). This subtype of ischemic stroke has usually a better outcome than the first 

subtype, as the brain damage is usually smaller than in the blockage of large arteries. 

Cardioembolic stroke is another subgroup of stroke also caused by a clot that blocks an artery, 

however in this case, the clot will be formed somewhere else than in brain. Cardiac diseases will 

be usually the responsible of this subtype of stroke. One cardiac cause must be at least 

identified, being in most of the cases atrial fibrillation the responsible one.  This will account for 

25-35%  of all ischemic strokes (3).  

1.1.1. Neurological evaluation and diagnosis 

Once the stroke has been developed and the patients are admitted to the hospital, a physical 

examination and clinical diagnosis are key to define the type of stroke occurred, the associated 

severity and the required treatment. The National Institutes of Health Stroke Scale (NIHSS) is one 

of the most objective and used classifications to evaluate the impact of the cerebrovascular 

accident and the neurological state of the patients. It is composed by 11 items that evaluate the 

level of consciousness, the eye movement (17), the visual field, grade of facial paralysis, arm and 

leg movement, coordination, sensory, language, speech and patient inattention. For each of the 

symptoms, when the evaluation is normal, a score of 0 will be attributed, while when the 

evaluation is altered a maximum score of 4 can be attributed to each item. The maximum 

possible score is 42, with which patients are in a very severe condition (Table 1).  

 

 

Score Score
0 No symptoms

0 No stroke symptoms 1 No significant disability
1-4 Minor stroke 2 Slight disability

5-15 Moderate stroke 3 Moderate disability
16-20 Moderate to severe stroke 4 Moderately severe disability
21-42 Severe stroke 5 Severe disability

6 Dead

Neurological assesment Outcome assesment

Modified 
Rankin score

Criteria   Scale

NIHSS

   Scale Criteria

Table 1: description of NIHSS and Modified Rankin Scale. 
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If the total score changes at least 4 points a neurological changement in patient state will be 

considered; more concretely, an improvement will be observed if it produces a decrease in the 

total score or a worsening if it produces an increase on it (18). Similarly, to evaluate the impact 

that the stroke will produce in patient’s long-term outcome and to decide about the best 

practice to follow, a different scale is available. The modified Rankin Scale (mRS) is a clinical scale 

used to evaluate patient’s disability degree after suffering a stroke. It is composed by 6 items 

that runs from perfect health, this is, no symptoms to death. At present, it is the most used 

outcome scale in stroke clinical trials (Table 1) (19). 

However, apart from this initial neurological evaluation, to correctly make the diagnosis step 

signs and symptoms need to be also evaluated. Usually they develop very quickly after the 

onset, but depending on the type of ischemic stroke and on the region of the brain that has been 

affected, clinical presentations can vary. Even though, common symptoms may include: sudden 

weakness of face or of a part of the body (arms, legs), confusion and sudden vision and 

coordination troubles (20). 

Patients presenting these symptoms will be submitted to imaging analysis to exclude other types 

of cerebral lesions (stroke mimics) and to distinguish the ischemic stroke from the hemorrhagic 

one. The most common used modality is the computed tomography (CT) scanning as it is easy, 

fast, not expensive and quite sensitive to detect acute hemorrhages as well as brain masses. 

However, if the stroke is small or it is an acute ischemic stroke, CT scans will not be sensitive 

enough to detect it. The resolution of magnetic resonance imaging (MRI) is better than the 

resolution of CT scans: they are able to detect acute ischemic strokes and in around half of the 

transient ischemic attack patients (TIA), this is in patients with a transient episode of neurologic 

dysfunction produced by ischemia, it will show ischemic lesions (21).  Furthermore, for the 

detection of intracerebral hemorrhages MRI is as sensitive as CT. The main drawback is that this 

kind of scanners are more expensive than CT scans and so less available. Nevertheless, in stroke 

patients needing a diagnosis, MRI will be performed if possible unless this produces a delay in 

the analysis time, in which case the CT should be performed (22-24). 

1.1.2. Patient management 

After diagnosing the type of the stroke, the goal for the acute management is to stabilize the 

patient and to prevent the complications that can worsen the outcome. 

Because thrombus is the most common cause of ischemic stroke, the first practice is the 

dissolution of blood clots by intravenous fibrinolytic therapy (rtPA), one of the most effective 
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treatments and the only FDA-approved drug. rtPA is a fibrin specific thrombolytic agent that 

under the action of plasminogen produces plasmin, a protease able to cleave the clot (25). Once 

the thrombus is broken, the circulation of the affected brain region is restored and the 

associated injury reduced. According to the expert group recommendations, the time window 

for the administration of this therapy is decreased to the first 4.5 to 6 hours following the onset, 

improving the efficacy when this time window is reduced (26). 

However, it must be considered that some of the complications occurring after stroke are 

related to this rtPA administration. Recanalization is achieved only in 50% of the cases and in 

those cases in which it has been possible to perform it, important complications can be found; 

for example, in more than 34% of the cases a reocclusion of the recanalized artery is 

documented (27).  Furthermore, in about 6-7% of the patients treated with rtPA an intracerebral 

hemorrhage can appear as the main adverse effect (28). Nevertheless, data studying this 

complication have evidenced that most of the patients developing an intracerebral hemorrhage 

had received the canalizations after 6 hours after the symptom onset. Therefore, the time 

between the symptom onset and the hospital admission is trying to be reduced by improving the 

early recognition of stroke (29).   

Infections occurring in the subacute phase of stroke have also become one the most important 

post-stroke complications. They have a prevalence of 30% and more importantly they account 

for one third of all the stroke associated deaths. In this thesis project we have focus our research 

attention on this complication, postulating that the research of markers able to predict its 

development could importantly help in the decision making process and outcome of the 

patients. More detailed information will be explained in the section: “Post-stroke inflammation 

and infection biomarkers overview” of this introduction.  

Brain edema is other common complication occurring after stroke. The ischemic event that 

alters the neurovascular integrity, reduces the permeability of the blood brain barrier and 

increases the pass of different fluids. This results in a vasogenic edema that increases the rates 

of death. Therefore, normotension and normothermia should be maintained in order to avoid its 

development.  

Additionally to all of these complications, it has been documented that stroke and ischemic 

heart disease share some of their most important risk factors, being common in those patients 

that have suffered from an ischemic stroke to develop a heart attack. Furthermore, autonomic 

control alterations produced by stroke will predispose the patients to cardiac complications. 

Consequently, ECG evaluation should be performed in all the stroke patients. If alterations or 
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modifications are found continuous monitoring of the cardiac activity should be done for at least 

3 days.  

1.2. Hemorrhagic stroke 

Hemorrhagic stroke are the second subtype of 

stroke accounting for around 13% of all the 

cerebrovascular accidents and producing for 

about 40% of the deaths. They can be divided in: 

intracerebral hemorrhage or subarachnoid 

hemorrhage. In both cases, as a consequence of 

blood vessels alteration, brain artery ruptures 

producing intracranial bleeding (30).  

Intracerebral hemorrhage 

Intracerebral hemorrhage (ICH) is a type of hemorrhagic stroke produced by the presence of 

blood within the ventricles or the brain tissue.  It accounts for around 10-20% of all strokes and 

it is considered a medical emergency because many of the cases are followed by a rapid clinical 

deterioration and death (31) (Figure 2). 

The symptoms associated to ICH can vary depending of the region of the brain that has been 

affected. Nevertheless, a severe headache and vomiting are some of the most characteristics 

ones. Bleeding from the ear or coma can also be present (30). CT scan and MRI are the two 

methods of choice when ICH is suspected (22).  

Once the cause of the bleeding has been set, different types of treatments can be applied. First 

of all, blood pressure should be maintained at normal levels to decrease the probability of 

bleeding. Intracranial pressure should also be controlled to reduce the risk of poor outcome. For 

this maintenance, the removal of CSF from the ventricles is usually performed. 

Surgery, able to remove important volumes of blood is recommended in those patients with a 

hematoma greater than 3cm. A craniotomy or stereotactic aspiration is performed depending on 

the location of the hemorrhage. Complications after ICH are common including pneumonia, 

respiratory failure and sepsis.  A special care for their prevention should be applied (31). 

Therefore high blood pressure and amyloidosis, the two main risk factors associated with ICH, 

should be controlled. Diabetes mellitus, smoking, alcohol and menopause also increase the risk 

of ICH development(32).  

Figure 2: representation of a hemorrhagic stroke. 
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Subarachnoid hemorrhage 

Subarachnoid hemorrhage (SAH) is a subtype of stroke produced by bleeding in the 

subarachnoid space, this is the space located between the brain and the tissue around the brain. 

It accounts for only 1-7% of all strokes, but because the disease affects young subjects and the 

associated mortality and morbidity is very high, the rapid diagnosis and management are crucial 

in clinical practice (33).  

The incidence of SAH changes a lot depending on the regions of the world, being the 

intermediate one 9.1 (95% CI 8.8 to 9.5) people per 100000 annually. Much more cases are 

found in Finland 19.7 (95% CI 18.1 to 21.3) and Japan 22.7 (95% CI 21.9 to 23.5) and little bit less 

cases in South or Central America. The incidence in Finland and Japan was 2.2 (95% CI 2.0 to 2.4) 

and 2.5 (95% CI 2.4 to 2.6) times higher than in the reference group and 2.2 (95% CI 1.6 to 2.9) 

times lower in South or Central America (34, 35). Several factors such as genetics, different 

mean age among populations or better case findings could explain these variations, however for 

instance they remain only speculations.  

The mean age of patients suffering from SAH is between 45 and 55, increasing the incidence 

importantly with age (33). Among the people of the same age, women are more prone to 

develop a SAH than men (35). However, genetics and more importantly, modifiable lifestyle 

factors as smoking, hypertension and alcohol consumption could be described as the main 

factors contributing to its development (36).  

In most of the cases (85%) it is produced by the rupture of a cerebral aneurysm (aSAH) (37). 

However, non-aneurysmal perimesencephalic hemorrhage, arterial dissection, cerebral 

arteriovenous malformation and dural arteriovenous fistula causes the resting 15%.  

The first month following aSAH is the most critical one, as half of the patients will die during this 

period. 40% of the patients will die within the first week following the initial hemorrhage: 

between 15-30% of them will die before arriving to the hospital and another 25% will die within 

the first 24 hours (38, 39).  Among the survivors, a vast majority will remain with important 

motor and neurological deficits (40).  

1.2.1. Neurological evaluation and diagnosis 

The reported i ncidence of war ning sig ns i n SAH  

Similarly as performed in ischemic stroke patients, a neurological evaluation of aSAH patient’s 

state is needed at hospital admission. Specific SAH clinical scales used to perform this 

categorization are represented in Table 2. These scales are useful to standardize the 
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management among different centers and to evaluate the effect of different treatments (Table 

2). The most used ones are: the Fisher grade, the Hunt and Hess, the Glasgow Comas Scale (GCS) 

and the World Federation of Neurosurgeons (WFNS), a scale that uses the Glasgow coma score 

and the focal neurological deficit to evaluate the severity of the hemorrhage.  

 

To evaluate patient’s long term outcome a different scale is also available: the Glasgow Outcome 

Scale, a scale that evaluates the outcome and recovery of the patients after aSAH. In this case, it 

is not performed at hospital admission but 3 months after the symptom onset (GOS 3), six 

months after (GOS 6) or one year after (GOS 12). In patients with subarachnoid hemorrhage it 

Scale Score Criteria
Amount of hemorrhage

1 No blood
2 Diffuse depositon or thin layer. No clots
3 Dense collection of blood 
4 Intracerebral or intraventricular clots
0 Unruptured aneurysm
1 Asymptomatic, or minimal headache
2 Moderate to severe headache
3 Confusion, drowsiness
4 Moderate to severe hemiparesis
5 Deep coma

Eyes opening
1 Never
2 To pain
3 To speech
4 Spontaneusly

Verbal response
1 None
2 In comprehensible sounds
3 Inappropiate words
4 Confused
5 Oriented

Motor response
1 None
2 Extension to pain
3 Abnormal
4 Withdrawal
5 Localized pain
6 Obeys commands

GCS Motor deficit
1 15 Absent
2 14-13 Absent
3 14-13 Present
4 12-7 Present or absent
5 6-3 Present or absent

Fisher
Small hemorrhage

High hemorrhage

Hunt and Hess

Good neurological state

Poor neurological state

GCS

GCS 3-8 : Severe brain injury

GCS 9-12: Moderate brain injury

GCS 13-15: Mild brain injury

WFNS
Good neurological state

Poor neurological state

Subgroups

Table 2: description of different clinical scales used to evaluate the neurological state of aSAH patients. 
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has been used to evaluate their recovery in five different categories. Dead, Vegetative State, 

Severe Disability, Moderate Disability or Good Recovery (Table 3).  

 

Apart from the neurological evaluation, the clinical presentation of the patients must be also 

evaluated at hospital admission. In one third of the patients the only characteristic symptom 

occurring after aSAH is a severe and sudden headache described as “the worst ever”. 

Nevertheless, it is not the severity, but the suddenness of onset, the characteristic feature of 

aSAH. Less severe headache can also be present between 2 to 8 weeks before the hemorrhagic 

rupture onset in patients with rupture of small cerebral aneurysms (41). Seizures, will be present 

in 1 out of 14 patients and are not characteristic of other non-hemorrhagic severe headaches, so 

its presence could be a strong indicator of subarachnoid hemorrhage (42, 43). Vomiting, 

confusion, coma and neck stiffness are present in an important number of patients suggesting 

the presence of aSAH (44). While, the sudden headache is the main characteristic feature of 

subarachnoid hemorrhage, only one in ten patients presenting with severe headache will be 

diagnosed with aSAH. Among these diagnosed patients, half of them will be neurologically 

intact. Therefore, apart from the physical examination, diagnostic tests are necessary.  

The first method of choice for diagnosing aSAH is the CT scanning without contrast. It is a 

method with high sensitivity when performing in the first 12 hours following the hemorrhage, 

identifying  98-100% of affected patients (45). This sensitivity is dependent on the resolution of 

the scanner, on the severity of the hemorrhage, and on the time between the symptom onset 

and clinical examination; CT is extremely sensitive during the first 24 hours but it diminish 

importantly from this moment (23). Consequently, depending on these factors, clinicians can 

found high number of false negative cases in those patients suffering from aSAH with 

neurologically normal scan. Therefore, when a patient has suffered from a thunderclap and the 

CT is normal, other diagnostic tools should be performed. Any patient with normal CT scan but 

with suspected SAH might require a lumbar puncture to analyze the cerebrospinal fluid (46, 47). 

The ideal time to perform it is around six hours after the severe headache (preferably 12 hours), 

in order to give enough time to hemoglobin to convert into oxyhemoglobin and/or bilirubin. The 

Score    Criteria
1 Death
2 Vegetative: coma or severe deficit

3

4

5 Good recovery: returned to the original functional level

Scale Subgroups

GOS

Poor outcome

Good outcome

Severe disability: significant neurological deficit that 
interferes with daily activities
Moderate disability: minor neurological deficit that 
does not interfere with daily activities

Table 3: description of GOS, a clinical scale used to evaluate the outcome of the aSAH patients. 
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presence of oxyhemoglobin can be the result of a traumatic tap, not confirming the aneurysmal 

rupture, while the presence of bilirubin, only synthetized in vivo, will confirm the diagnosis of 

aSAH. This method will allow confirming the presence of aSAH in a small number of patients not 

detected with the CT scan (23, 48). MRI is also a useful tool to diagnose aSAH when there are 

several days between the headache onset and the diagnostic analysis. The sensitivity of CT 

decreases progressively and the MRI is a better method to detect blood. The most accurate 

techniques are fluid attenuation inversion recovery (FLAIR) and T2-star images (23, 45). 

1.2.2. Patient management 

The management of patients with subarachnoid hemorrhage has three different phases: the first 

and most important one is the stabilization of the patient at hospital admission: the aggressive 

effect of the hemorrhage is the main responsible of patient’s poor outcome. Therefore, 

resuscitation of patients arriving at the hospital with a reduced level of consciousness or with a 

focal deficit is mandatory in order to improve their long-term state.  

Afterwards, it is necessary to treat the aneurysmal rupture and finally to avoid the complications 

responsible of important number of mortality and morbidity.  

Reparation of the aneurysmal rupture is mandatory to avoid rebleeding, a dangerous and 

modifiable complication responsible of the highest rates of mortality and morbidity occurring 

after aSAH. During the first 72 hours following the initial hemorrhage between 8-23% of patients 

will develop it. The most used therapeutic options to avoid this complication are surgical clipping 

or endovascular coiling of the affected vessel. Surgical clipping is a procedure in which a 

craniotomy will be followed by the implementation of a titanium clip around the neck of the 

aneurysm, while endovascular coiling is a medical device used to occlude an aneurysm (49, 50). 

For this purpose a platinum microcatheter is inserted into the femoral artery to reach the 

affected cerebral aneurysm. Afterwards, Guglielmi detachable coils coming from the 

microcatheter are released into the aneurysm to densely block it (Figure 3). The choice between 

the two methods depends on several factors such as: the aneurysm location, aneurysm size, 

patient’s age and/or patient’s condition. Many aneurysms are not equally adapted for one of the 

techniques, being one more suitable than the other. Nevertheless, for those patients in whom 

both methods are suitable, coiling is preferred (23). According to the International Subarachnoid 

Aneurysmal Trial (ISAT) – the gold standard study of this subject – endovascular coiling will 

provide a better one year recovery and prognosis than surgical clipping (38, 51).   

Patients who survive to the initial hemorrhage and have the aneurysm repaired, are also at risk 

of important complications that could worsen their outcome. Delayed cerebral ischemia (DCI) is 
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the most important cause of death and morbidity in patients who survive to the initial bleeding 

(52). One third of the hospitalized patients will develop a DCI, a neurological deterioration 

attributed to an ischemic event. It will develop within the first two weeks following aSAH and 

will be responsible of a decrease in the level of consciousness. Physiological mechanisms 

underlying DCI are still unclear. Nevertheless, early brain injury produced by the hemorrhage is 

one of the most accepted ones: neurons and endothelial cell death, the release of inflammatory 

and vasoactive factors or cortical spreading depression among others could importantly 

contribute to arteries ischemia. Historically, angiographic vasospasm, (narrowing of cerebral 

arteries) was proposed as the main responsible of tissue ischemia. The process was thought to 

be activated by the presence of blood metabolites in the subarachnoid space (Figure 4) (53-56). 

However, at present there is increasing evidence that the DCI has a multifactorial etiology, and 

that it is not only produced by the diminution of arteries flow. The angiographic visualization of 

cerebral vessel constriction altogether with clinically proven deterioration, has produced in the 

literature a mix of these two concepts, using the word “vasospasm” to describe not only the 

narrowing of cerebral vessels but also the ischemia produced in cerebral arteries (57).  

For instance, there are no methods to prevent the development of vasospasm and DCI, but 

there are different proposed treatments (58). Euvolemic induced hypertension is recommended 

in the DCI therapy as it is able to ameliorate the ischemia, increasing the brain oxygenation and 

 Figure 4: cascade of events happening after the rupture of a cerebral aneurysm and leading to the development of 
vasospasm 
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reducing the neurological deficits produced by the DCI. Another widely used treatment is the 

endovascular therapy. Even if its effect on outcome is controversial, its administration is 

recommended in those patients that do not respond to hypertensive therapy (23, 31, 59). 

Calcium channel antagonists as nimodipine have been also widely used to prevent the 

vasospasm. Nevertheless, and even if at present it has been shown that they are not able to 

revert the vasospasm incidence, they improve patient’s outcome and their administration on all 

aSAH patients is recommended (23, 60).  

Hydrocephalus is another complication produced by an abnormal accumulation of CSF in the 

brain, which leads to an enlargement of cerebral ventricles. It is a common complication 

developing in 20-30% of the patients and leading to a poor outcome. External ventricular 

drainage or lumbar drainage are the possibilities for the management of patients suffering from 

hydrocephalus. Patients admitted to the hospital with a severe brain injury should require a 

continuous intracranial pressure monitoring (61, 62).  

Although rebleeding, DCI and hydrocephalus are usually the focus of research in aSAH, 

nosocomial infections have been reported to have deleterious effects on outcome of the 

patients. As previously explained for ischemic stroke patients, we have focus our attention on 

this complication to try to better manage the patients and prevent its development. During this 

thesis project, the main research work has been performed in patients suffering from aSAH, as 

for the instance it remains a real unknown complication in these group of patients. In the next 

section of this introduction we will explain the molecular mechanisms leading to nosocomial 

infections as well as the state of the art in biomarker discovery.  

2. Post-stroke inflammation and infection biomarker overview 

According to the Biomarkers Definitions Working Group, a biological marker or biomarker is a 

characteristic that is objectively measured and evaluated as an indicator of normal and 

pathological biological processes, or pharmacological responses to a  therapeutic intervention 

(63). 

The use of biomarkers for the diagnosis and management of several diseases has become so 

essential that their presence in clinical routine is now widely accepted (64), obtaining almost one 

specific biomarker for each biological disorder (65, 66). In stroke associated biomarkers, several 

studies have been performed to discover molecules able to identify the different types of stroke 

(ischemic, hemorrhagic and mimic), to study the etiology or the severity of the stroke, as well as 

to identify patients who need specific therapies such as antibiotics in case of infection (67-70).  
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2.1. Inflammation biomarkers 

The study of inflammation and inflammatory markers has been also a field of high interest (71, 

72), as it is one of the most important physiopathological mechanisms occurring after a general 

brain injury and leading to a poor outcome (73). Furthermore, it has been proposed as the main 

responsible of some important complications occurring after ischemic stroke and subarachnoid 

hemorrhage such as ischemic events (DCI) or infection more concretely (74).  

During the occlusion of the brain vessels, the deprivation of oxygen and glucose produces the 

death of the localized cells. These cells will release damage associated molecular patterns 

(DAMPS), that will produce the activation of the inflammatory cascade, increasing the local 

production of molecular (cytokines, chemokines, matrix metalloproteinases and adhesion 

molecules) and cellular markers (leukocytes, microglia and acute phase reactants). 

Cytokines are a family of small proteins important in cell activation, proliferation and 

differentiation. Under normal conditions, their receptors are very low abundant and cytokines 

become almost undetectable. Nevertheless, under the action of a cerebrovascular accident or an 

important brain injury, they are extremely upregulated (75). In plasma samples of patients 

suffering from aSAH, cytokine levels were found to peak in the first 24 hours following the 

hemorrhage (75). Proinflammatory IL-1β, TNF, IL-6 and anti-inflammatory TGF- β and IL-10 have 

been the most studied cytokines in brain ischemia. Their higher levels in blood correlate with 

poor outcome, as they are supposed to exacerbate the brain injury (76). Concentrations of IL-6 

increase also continuously during the first 24 hours after the brain injury, correlating higher 

levels with higher risk of in hospital death (77).  

Chemokines are a group of small cytokines highly involved in inflammatory and immune 

response. In the last years, an important number of studies have shown that different types of 

chemokines as MCP-1 or MIP-1α are overexpressed in animal models presenting with an 

ischemic stroke or SAH. Accordingly, their inhibition or decrease has shown a reduced level of 

injury (76, 78).  

Matrix metalloproteinases are another group of molecules contributing to the 

neuroinflammatory response. After an ischemic stroke, up-regulation of MMP-9 concentrations 

is correlated with neurological impairment and hemorrhagic transformation (79) (80).  

Adhesion molecules are responsible of Interactions produced between leukocytes and the 

endothelium. Blood concentrations of ICAM-1 and VCAM-1 have been shown to be increased in 

patients with ischemic and hemorrhagic stroke (81). Different studies conclude that during the 



Chapter I : Introduction 
 

19 
 

stroke event adhesion molecules have an important role in leukocyte infiltration and in neuronal 

secondary lesion (76, 82) .  

Concerning the cellular components, leukocytes and microglia are the most widely activated and 

accumulated cells after a cerebrovascular event. Leukocytes that will participate in host defense 

are increased in patients with acute ischemic stroke and subarachnoid hemorrhage (83, 84).  

Microglia account for 5-20% of CNS glial population. Animal studies have shown that under a 

brain injury insult, macrophages and microglia will produce cytokines as IL-1 and TNF-α (76).  

Acute phase response includes a number of important changes produced in response to brain 

injury. In stroke patients, the most studied acute phase markers are C-reactive protein, serum 

amyloid A, and fibrinogen. CRP plasma concentrations in patients suffering from ischemic stroke 

or subarachnoid hemorrhage are significantly elevated when comparing with control subjects. 

Its levels correlate also with the severity of the lesion and with the prognosis of the patients, 

showing higher concentrations in those patients with high lesion and poor outcome (85). 

Similarly, serum amyloid A and fibrinogen, less studied molecules have also been correlated with 

stroke severity and prognosis (86).  

2.2. Post-stroke infection 

All the previously described inflammatory events produce important cell damages after stroke. 

However, it has become increasingly evident that systemic immune suppression, occurring as a 

compensatory mechanism against inflammation and brain damage, is also responsible of 

important complications occurring after stroke and leading to a poor outcome. How this 

immune suppression is mediated is not still described but it has been postulated that 

inflammatory response may disable the immune system leading to immune suppression (87, 88). 

Alternatively, the brain in an attempt to prevent cerebral inflammation suppresses the immune 

system (89, 90). In both cases, the immunosuppressive state will increase the susceptibility of 

the patients to develop nosocomial infections, increasing the risk of poor long-term neurological 

state (Figure 5).  

Pneumonia and urinary tract infections are the two most common infections occurring in 

patients with cerebrovascular accident, ranging around 23-65% and accounting for around 30% 

of mortality after stroke. Aspiration and dysphagia have been until present proposed as the main 

predictors of pneumonia, however and as just explained before, there is an increasing evidence 

that depression of the immune system is the main responsible of its development and that 

aspiration and dysphagia are only important contributors.  
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Figure 5: representation of mechanisms leading to post-stroke immunosupression. 

The high rates of associated morbidity and mortality highlight the need of early initiation of 

antibiotic treatment once the infection is diagnosed. Several studies (PANTHERIS, PASS, and 

STROKE-INF) have evaluated the potential impact of prophylactic antibiotherapy in these 

patients, showing that it could be useful to reduce the number of nosocomial infections but 

without producing an impact in patient’s outcome (91-93). Consequently, at present the only 

recommended guideline is to start with the treatment as soon as possible but only once the 

diagnosis is confirmed.  

For this diagnosis step physicians face a challenging task as there are not well established criteria 

between the different studies. Signs of infection such as inflammation or fever can be present as 

a consequence of neurological damage in patients without infection. Furthermore, the use of 

aspirin can mask infection by decreasing fever. Chest radiographs are at present one of the most 

widely used methods to detect pneumonia, however they only present a sensitivity of 65% and 

they are only useful in advanced stages of infection in which the infiltrates have appeared (94, 

95). Blood cultures, another very used clinical practice, are time consuming and the sensitivity is 

not high enough (96). Therefore, the discovery of biomarkers able to distinguish the patients at 

risk of infection development is crucial to apply new treatment strategies as soon as possible 

and to improve patient’s outcome (97).  

The relationship between inflammation and infection has been so widely supported that most of 

the proposed infection markers can be found in the list of molecules participating in the 

inflammatory cascade (76). A study including 113 patients tried to prospectively investigate the 
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different infection predefined biomarkers. It included laboratory markers, neuroimaging as well 

as daily screening clinical criteria. According to this investigation, body temperature, levels of 

white blood cells and IL-6 were significantly elevated one day after symptom onset in patients 

developing a post-stroke infection. Additionally, CRP levels were also significantly elevated three 

and five days after hospitalization in those patients presenting a serious infectious complication. 

The only significantly down-regulated molecule one day after admission, was the monozyte HLA-

DR expression, which appeared to be lower in patients at risk of infection.  Nevertheless, none of 

these markers was sensitive enough at the day of hospital admission to predict infection 

development (98).  

In another retrospective study including 56 ischemic stroke patients and 5 transient ischemic 

attack patients (TIA), levels of lipopolysaccharide binding protein (LBP), interleukin-10 (IL-10), 

interleukin-6 (IL-6) and C-reactive protein (CRP) were evaluated in patients presenting or not 

post-stroke infection. Univariate analysis showed that between 12 hours and 7 days after the 

stroke onset, levels of LBP significantly differed between the two groups of patients. IL-10 

concentrations only differed during the first day of hospitalization and IL-6 and CRP levels 

significantly differed at hospital admission but also one day, three days and seven days after. To 

evaluate if these markers were independently associated with infection development, the 

different parameters were adjusted for NIHSS, concluding that the only independent factors 

associated with infection were the IL-10, CRP and NIHSS (99).  

Copeptin and procalcitonin are two well-known markers widely described and used as predictors 

of any type of infection. They have recently been described in stroke patients, showing that at 

hospital admission they were potential good predictors of pneumonia and urinary tract 

infections. Their accuracy in detecting patients at risk of infection development was quite similar 

to that shown in the same patients by WBC or CRP (97).   

According to the results of the different studies, it is difficult to find a consensus between the 

capacity and accuracy of each different biomarker, which makes difficult the translation into the 

clinical practice. Some authors have consequently proposed that the combination of several 

markers with clinical scales could improve the individual prediction accuracy. Therefore, 

different score systems were developed to effectively evaluate the probability of presenting a 

post-stroke infection. While Kwon’s score (100), Chumbler’s 3-level score (101), Smith’s ISAN 

score (102) are some of them,  they have not been used in clinical practice due to the low 

sample size in which they have been performed as well as due to the lack of a validation step. A 

more recent combination of clinical parameters, the A2DS2 score performed on a high number 
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of stroke patients, showed that the combination of age, atrial fibrillation, dysphagia, sex and 

stroke severity could be a good tool to predict pneumonia after stroke (103, 104).  

However, even the important efforts to find an ideal infection marker, with high values of SE 

(capacity to detect true positives) SP (capacity to detect true negatives), nothing is available. In 

the next section of the introduction we will explain the different steps followed during this thesis 

project to find an ideal biomarker able to predict infection in cerebrovascular accident patients.  

3. Biomarker discovery workflow 

Over the last decades, MS and proteomics, the field responsible of studying proteins, have 

advanced from qualitative to semiquantitative analysis. The improvement of the field has 

continued until now, being able at present to perform important quantitative analysis of entire 

proteome (105). Therefore, in this thesis project we have focused our attention on the discovery 

of biomarkers using proteomic approaches. For this purpose previously represented classical 

workflow of discovery verification, validation and clinical assessment was applied (Figure 6).  

 

3.1. Proteomic biomarker discovery 

 For the discovery of new biomarkers different approaches can be used. Molecules related with 

disease pathogenesis or molecular mechanisms can be selected as potential candidates 

(hypothesis driven discovery).Untargeted MS approaches to produce a list of biomarkers have 

been also highly used in the last years (holistic driven discovery). In both cases, biomarker 

discovery steps will be performed using a sample cohort of less than 10 individuals, proposing 

more than 1000 candidates.   

Figure 6: workflow representing the different biomarker discovery phases: discovery, verification, 
validation and clinical assessment 
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Quantitative proteomics, with in gel and non-gel based techniques, is a technique that allows to 

determine the quantity of a protein that there is in a specific sample.  Among the in gel based 

techniques, two dimensional gel electrophoresis (2D-gel) was the most classical method to 

detect the difference protein expression between two or more clinical conditions (106). It 

combined the isoelectric focusing and the SDS‐polyacrylamide gel electrophoresis so proteins 

are firstly separated according to their isoelectric point, and in the second dimension, according 

to their molecular weight. About 2000 spots can be simultaneously detected with the 2D-gel 

showing differences in their expression level, isoforms and/or post-translational modifications. 

However, the important drawbacks that are behind this technic have forced to develop different 

discovery alternatives. 2D-gels underestimate acid/basic or membrane proteins, it has low 

reproducibility and it is difficult to separe large (>200 kDa) and small (<10 kDa) proteins. 

Furthermore, and the most limiting cause for biomarker discovery is that only abundant proteins 

are identified, underestimating low abundant potential biomarkers (107).   

Non-gel based techniques using MS have been proposed as promising alternatives to identify 

and quantify proteins. A mass spectrometer is composed by three different parts: the ion 

source, the mass analyzer and the detector. The ion source converts the analytes into gas-phase 

ions. The introduction of soft ionization techniques as ESI or MALDI, that allow the production of 

intact peptides or protein ions into the gas phase, has been the key point to increase the use of 

MS for proteomic analysis. ESI ionizes the molecules directly from a liquid solution (108), while in 

MALDI peptides or proteins are co-cristalized on a plate that is introduced in the MS (109). After 

the ionization process peptides arrive to the mass analyzer to be separated according to their 

m/z. Depending on the analytical performance or physical characteristics, different mass 

analyzers can be found. The most used ones in proteomics are: quadrupole (Q), ion trap (IT), 

time of flight (TOF), Fourier-transform ion cyclotron resonance (FTICR) and the orbitrap analyzer. 

Finally, m/z abundance of each ion will be measured in the detector.  

To perform the discovery process different techniques can be applied in these kind of mass 

spectrometers: label-free and isotope labeled techniques are the two most known ones (110). 

Label free is a MS based method able to determine in a relative way the amount of proteins 

present in two or more samples. It does not modify the analytes and each sample is injected 

separately in the MS(111). Protein quantification can be performed considering that the 

intensity obtained in the MS is proportional to ion concentration or performing a spectral count 

of the identified proteins after tandem mass analysis. Stable isotope labeling is an approach in 

which the mass spectrometer is able to distinguish the same protein or peptide in different 

samples by using the increase in mass produced by mass tags (112). Proteins of different 
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samples are labeled and mixed separately to obtain a different isotopic profiles and are then 

analyzed using tandem mass spectrometry. By comparing the intensities of each identified 

peptide a relative quantification of each protein will be obtained.  

To realize relative quantification however, isotope-coded affinity tags (ICAT)(113), isobaric 

labeling methods that include tandem mass tags (TMT)(114) and isobaric tags for relative and 

absolute quantification (iTRAQ)(115, 116), and stable isotope labeling with amino acids in cell 

culture (SILAC)(117) can be distinguished. In this thesis project we have mainly used the TMT 

approach that has been explained in detailed in Chapter 2.  

Independently on the used technique to compare the samples, one of the main challenges of 

this biomarker discovery phase is to identify medium or low abundant proteins. Plasma is the 

main sample used to study stroke associated diseases. The accessibility and the low invasiveness 

of the collection technique made this fluid an excellent discovery sample. Nevertheless, the 

proteomic study of plasma samples among others, is a big challenge; due to the complexity and 

high dynamic range presented by the proteins. The identification of low-abundant proteins will 

be limited by the presence of highly abundant ones that represent the 99% of the total protein 

mass (118, 119). Therefore in most of the cases, before performing the comparison analysis, an 

antibody depletion pretreatment of the most abundant proteins of the sample could be 

necessary in order to adapt the sample to the discovery phase. In some cases the depletion step 

will remove some non-specifically-bound proteins being necessary to evaluate the benefit of this 

technique on each individual case.  

3.2. Potential biomarker verification 

Verification is an unavoidable step to evaluate the list of potential candidates obtained during 

the discovery phase (120). Each of those candidates is evaluated individually and their values of 

specificity, sensitivity and predictive values measured. Generally, verification step is performed 

in a larger cohort of around 50-100 of patients and using the same biological samples used in 

clinical application. Mass spectrometry based methods or immunoassays are the two preferable 

techniques to perform this step (121).  

Immunoassays involve the already well known Western Blot, enzymed linked immunosorbent 

assay (ELISA) and the multiplex assays (122). During several years WB has been the method of 

choice for protein verification, however due to the high number of advantages, ELISA has then 

become the gold standard method: it is fast to perform, highly sensitive and highly specific(123). 

However, ELISA can only provide the measurement of a single analyte. Multiplex immunoassays 
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as MULTI-ARRAY (Meso Scale Discovery) or Bead-Based assays using the Bio-Plex system (Bio-

Rad Laboratories) have been developed to overcome the limitation presented by ELISA and to 

allow the parallel measurement of several candidates. ELISA and multiplex immunoassays are 

easy to use and the required instrumentation is accessible. However, they also offer some 

limitations as for example cross-reactivities or protein-protein interactions than can modify or 

interfere with quantification results.  

Targeted proteomics provides an alternative strategy. It has several advantages for the analysis 

of post-translational modifications, protein isoforms and genetic alterations. Furthermore, they 

can be also a good alternative when the needed antibodies required for the verification step are 

not available. The two most known targeted proteomic methods are: selected reaction 

monitoring and parallel reaction monitoring (Figure 8).  

 

Selected reaction monitoring (SRM) also known as multiple reaction monitoring (MRM) is able to 

quantify low abundant analytes and to target individual candidates. Analysis are usually 

performed on tripe quadrupole mass spectrometers, in which the first quadrupole is used to 

select the peptide of interest, the second quadrupole to fragment it and the third quadrupole to 

scan the produced fragments. Different transitions (precursor/fragment ion pairs) can be 

monitored with high selectivity during the time, however in some cases intensities coming from 

individual fragment product ions derived from a single precursor can be different. To obtain 

promising sensitive values, it is necessary to make a preselection of the most intense ions (Figure 

8).  

Figure 8: two different approaches in mass spectrometry-based targeted proteomics (a) selected 
reaction monitoring (SRM) where selected fragment ions from a single precursor are measured 
for the quantification, (b) parallel reaction monitoring (PRM) where a single precursor ion and 
entire fragment ions are selected.  
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An efficient and faster alternative is parallel reaction monitoring (PRM), able to quantify 

different peptides with high values of sensitivity and specificity.  PRM is usually performed in 

high-resolution hybrid quadrupole Orbitrap (Q-OT) or time of flight instruments. Precursor ions 

of interest are isolated in the quadrupole, fragmented in the cell of high energy collision 

dissociation (HCD) and analyzed using the Orbitrap (124, 125). The monitoring of product ions 

has a high resolution and consequently this method offers more specificity than SRM (Figure 8). 

Multiplexing up to 100 peptides is possible with both approaches.  

3.3. Biomarker validation 

The number of promising biomarkers arriving to the validation phase is low. The different 

approaches explained during the verification step could also be applied to perform the 

validation, being ELISA the method of choice in most of the cases. In this step, selected markers 

must be evaluated in thousands of patients and in multicentric studies to be sure that the full 

variation of the population is well considered (126). Sample size calculation is a critical first step 

of the validation process. Furthermore, in order to evaluate the performance of the validated 

biomarkers, statistical analysis should be performed.  In most of the cases, biological data are 

not normally distributed and non-parametric tests are necessary to confirm that their efficiency 

is not produced by random variation. These kind of tests are mainly based on differences in 

medians: Mann-Whitney U test for example, equivalent to the parametric Student’s t-test, 

compare the median of a continuous variable between two different conditions. When the two 

samples are related or matched, Wilcoxon signed-rank test is advised and when the number of 

conditions is higher than two, Kruskal-Wallis H test should be performed. To compare the 

efficacy of different diagnostic tests, receiver operating characteristic curves are an excellent 

possibility (Figure 9).  

 

Figure 9: ROC curves representing excellent, good, and worthless tests plotted on the same graph. 
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Good biomarkers should present promising values of specificity (the percentage of correctly 

classified true negatives) and sensitivity (the percentage of correctly classified true positives).  

The perfect combination would present 100% sensitivity (predict all people in the sick group as 

being sick) and 100% specificity (not predicting anyone from the healthy group as being sick). 

However, since this become almost impossible, a trade-off between both measures is usually 

calculated. In biomarker associated research it has become widely usual to report this trade-off 

sensitivity and specificity using receiver operating characteristics (ROC) curves, a representation 

created when plotting the true positive rate against the 1-specificity (127, 128). The area under 

the curve (AUC) of the ROC curve represents the total accuracy as well as the separation capacity 

of the selected biomarker, allowing to select optimal models and to cast away suboptimal ones.  

The accuracy of the selected models can be importantly improved by combining individual 

biomarkers. Many different systems are available to do it: thresholds based methods, decision 

trees, regression methods, support vector machines or neural networks among others. In this 

thesis project however, we have used Panelomix tool, an approach that uses the iterative 

combination of biomarkers and thresholds (ICBT)(129). To accelerate the calculation when 

several biomarkers are combined, Panelomix selects different thresholds using the random 

forest method. Robustness of the panel and its performance are evaluated by cross-validation 

and ROC analysis. 

3.4. Biomarker clinical implementation 

The validation of biomarkers is usually an important and difficult step to reach, however the 

ultimate goal is its translation into the clinical practice (130).  

Even if the performance of discovered and validated biomarkers is better than that obtained for 

the gold-standards of the disease, it does not automatically mean that the translation into the 

clinical practice is guaranteed. Implementation tests can develop during years. Furthermore, 

scientists are often not aware about the steps to follow. The cost-effectiveness of the biomarker 

it is not always easy to evaluate. Additionally, in some cases, patients may not wish to know 

about the outcome of the disease, especially if there is not an available treatment to improve it 

and physicians could resist to change their daily clinical practice. All these impediments have 

been tried to be reduced by the European Medical Research Council (EMRC), proposing a road 

map to follow. The initiative propose that biomarker research should follow a more standardized 

format, considering the needs as well as the perspectives of the different diseases to facilitate 

the use of biomarkers (131).  
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4. Aim of the project 

The lack of a clinically accepted biomarker for infection prediction in aSAH and ischemic stroke 

patients represents a major limitation in the hospital management. At present, it is necessary to 

wait until bacterial culture result to have a final diagnosis of infection and in most of the cases it 

is too late to treat this complication without affecting their long-term poor outcome.  

Considering the need of new alternatives, the aim of the present thesis project was to identify 

blood-markers able to accurately detect patients at risk of infection development. For this 

purpose we postulated that proteomic methods could be the best option to discover and 

validate early promising infection markers in aSAH and ischemic stroke patients.  

Therefore, after introducing the disease and the state of the art of infection biomarkers in the 

first chapter of the thesis, in the second chapter, we prepared a chapter book, submitted to 

“Neuromethods Series-Springer” (2016) which describes the different applications of amine-

reactive tandem mass tags in neuroproteomics, more concretely in neurodegenerative and 

cerebrovascular diseases.  

Afterwards, we prepared an original article published in Journal of Neurosurgery (2015) 

presenting the capacity of neopterin to correlate with infection development in aSAH patients. 

The capacity to predict the outcome at one year was also evidenced. Nevertheless, one 

important drawback of these results was that neopterin was not early enough to predict 

infection development in aSAH patients and consequently, we decided to use proteomic 

methods to discover new earlier biomarkers. 

In the chapter four, using the amino-reactive tandem mass tags, we were able to highlight the 

capacity of SAA to act as a promising predictor of infection in SAA at hospital admission. This 

results were published in Journal of Proteome Research (2015). Taking advantage of the capacity 

of SAA to predict infection such in an early way, we combined it with other clinical parameters 

(WBC, WFNS and age) postulating that the total accuracy could be improved. 

As shown in the chapter V, an article published in Journal of Translational Science evidenced the 

capacity of a panel of biomarkers (SAA, WFNS, WBC, age) to improve the capacity of simple 

markers to predict infection in patients with aSAH.  

Finally, we translated the promising results obtained during this thesis project to patients with 

ischemic stroke. Chapter VI is consequently, an original article published in Clinical Proteomics 

that shows the capacity of SAA to act as infection predictor marker at hospital admission in 

ischemic stroke patients.  
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The last chapter of this manuscript (chapter VII) gives a general discussion of the obtained 

results and proposes several perspectives for the future. 
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Applications of amine-reactive tandem mass tags (TMT) in 

human neuroproteomics  

 

Linnéa Lagerstedt, Leire Azurmendi, Jean-Charles Sanchez 

The first chapter of this manuscript is focused on the impact that the amine-reactive tandem 

mass tags (TMT) have in neuroproteomics. During this thesis project, the TMT has been the 

method of choice to perform all the proteomic discovery experiments I have performed and 

consequently, in this chapter book we described the method in detail.    

Afterwards, applications in general neurodegenerative disorders are explained to end with the 

applications in cerebrovascular diseases. All the material and methods needed to perform a 

proteomic experiment are detailed rigorously.  

The chapter book will be soon published in Neuromethods Series-Springer. Linnea Lagerstedt 

and me contributed equally to this work writing together the chapter.   
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Abstract 

Neuroproteomics is a complex field of life sciences due to the high complexity of the brain. This 

area comprises different pathophysiological conditions such as normal neurodevelopment, 

neurovascular disorders and neurodegenerative disorders. A massive amount of studies have 

been performed using proteomics to increase the knowledge in this topic. However, there are 

still a lot more to explore. The most common proteomic techniques for investigating the 

different stages and conditions in neurodevelopment and diseases have mainly been based on 

two-dimensional gel electrophoresis (2-DE). More recently, the use of amine reactive tandem 

mass tags (TMT) has also contributed to increase the understanding of the brain and associated 

disorders. The TMT can simultaneously compare up to 10 samples and is compatible with a 

variety of biological samples. The proteins are labelled, pooled and co-eluted and analysed by 

LC-MS/MS. The multiplexing allows different designs and comparisons between the samples. 

Therefore the method is highly recommendable for e.g. biomarker discovery in the 

neuroproteomic field. In this chapter the TMT 10-plex method will be detailed for use with three 

different brain proximal samples; cerebrospinal fluid (CSF), brain tissue and neurons.  
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1. Introduction 

Neuroproteomics is a branch of proteomics in charge of studying normal neurodevelopment, 

neurovascular- and neurodegenerative disorders as well as the central and peripheral nervous 

system (CNS) structure, functions and biological mechanisms (132, 133). The brain complexity 

and heterogeneity present unique challenges for neuroproteomics. Firstly, brain proteins can 

undergo a variety of post-translational modifications such as phosphorylation, ubiquitinylation, 

glycosylation or oxidation producing different regulations in the distinct brain regions. In 

addition to this, there is a high brain cellular heterogeneity; different regions are composed by 

different cellular types. Finally, the different modules of the brain are defined by their cognitive 

function, highlighting dissimilar tasks depending on the brain region; hippocampus for example, 

has an important role in consolidation of memory; the amygdala is mostly responsible of 

coordinating emotional behaviours; the striatum is in control of decision making, planning and 

perception and finally cerebral cortex has a key role in language, attention and consciousness 

(105). All these features generate a number of challenges to investigate the brain at the 

molecular level. Until present, the brain has been the most complex and unknown organ of our 

body. At the proteomics strategy level, the transition from two-dimensional gel electrophoresis 

(2-DE) to MS-based neuroproteomic studies using amine reactive tandem mass tags (ITRAQ - 

TMT) has led to new insights into the brain comprehension (134). In this chapter, we will focus 

our attention on studies that used TMT to identify CNS disease biomarkers and disease biological 

mechanisms.  

1.1. TMT labelling method 

The TMT labelling technique permits several samples to be analysed simultaneously by mass 

spectrometry. The number of samples that can be labelled by different tags in a single 

experiment spends from 2- to 10-plex.  The tags used in TMT are composed of three distinct 

parts; a reporter group, a balance group, and a reactive group. The reactive group binds to free 

amino-terminus peptides and epsilon-amino functions of lysine residues (135). Each reporter 

group has a specific molecular mass permitting the differentiation of the tags after 

fragmentation however the addition of a balance group equal the total mass to be the same for 

all tags (135). For the 6-plex, five heavy isotopes (13C or 15N) are used to generate 6 different 

isobaric tags (135). To obtain 10 tags, four isotope variants of the 6-plex tags were developed 

(figure 1) (135). During the experiment, the samples to be compared will be tagged separately 

and thereafter pooled together for simultaneous identification and quantification (136). Due to 

the similar molecular composition, the TMT tags have the same physiochemical properties such 
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as isoelectric point (pI), hydrophobicity and total mass (136). Due to the common properties, the 

differentially labelled peptides will co-elute and appear as one peak in the MS1 spectra which 

lead to a more accurate quantification (135, 137). Tags will be cleaved using HCD fragmentation 

for quantification whereas identification is performed using HCD, CID or ETD (135, 137-141). 

After fragmentation, each reporter group appears as an independent peak in MS/MS spectra 

due to the unique molecular mass enabling relative quantification of the corresponding sample 

(figure 2) (135, 137, 142).  

The application field of the TMT method is tremendous due to its capacity to simultaneously 

quantify and thereby compare up to 10 different samples. Furthermore, the TMT can be used on 

a multitude of different samples such as CSF, blood, cells and tissues. Therefore the method can 

be applied on a large number of areas including biomarker discovery studies in 

neuroproteomics. The multiplexing allows several different types of design to be realized such as 

case control studies or longitudinal studies among others. The TMT has previously been studied 

in several different cerebral pathologies described here below.  

1.2. Applications of TMT in neurodegenerative diseases 

Protein changes were studied using TMT in two of the most known neurodegenerative 

disorders: Alzheimer disease (AD) and Parkinson disease (PD).  

In the case of Alzheimer disease, it is widely known that the disease process is associated with 

an accumulation of β-amyloid peptides. Nevertheless, the etiology is still poorly understood 

(143). Therefore, in the last decades several proteomic studies were performed to elucidate the 

associated mechanisms as well as the biomarkers that could improve the management of these 

patients. In cerebral cortices of mice with Aβ deposition, TMT was used to reveal the molecular 

mechanisms underlying Aβ clearance (144). The proteome of APP/PS1 double transgenic mice 

and wild type mice was compared obtaining a novel profile of altered proteins in AD model 

(144). Furthermore, in plasma samples of AD patients, the amino-reactive tandem mass tag was 

used to discover biomarkers able to discriminate between AD patients and control patients 

(145). 

Data on Parkinson disease, the second most common neurodegenerative disorder, has also 

importantly been produced using mass spectrometry labelling methods. Anatomically, the main 

characteristic of PD is the loss of dopaminergic neurons in substantia nigra, which is usually 

accompanied by motor symptoms. To better understand the pathogenic mechanisms of the 

disease, the proteome of substantia nigra was compared in PD and control patients using the 
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TMT-6plex. With this approach authors were able to suggest a role for nebulette overexpression 

in neurodegeneration produced by PD (146).  

The TMT methodology has not only been used in neurodegenerative disorders. Other 

neurovascular disorders such as stroke and subarachnoid haemorrhage have also benefit from 

this methodology.  

1.3. Applications of TMT in cerebrovascular diseases 

The high rate of mortality and morbidity associated to cerebrovascular diseases, such as stroke 

or subarachnoid haemorrhage, has increased the number of proteomic studies in an attempt to 

identify new associated biomarkers. 

Stroke is the leading cause of disability and the second cause of death world-wide. The early 

detection of patient’s diagnosis could help in decision making processes leading to a better 

management and to an improvement in the associated prognosis. TMT 2-plex and extracellular 

brain fluid of stroke patients were used to compare the infarct core with the unaffected 

contralateral region of the brain. This allowed to identify specific biomarkers of the affected 

region, highlighting the neuroprotective and apoptotic mechanisms that could be induced after 

a brain ischemic event (147). 

In aneurysmal subarachnoid haemorrhage, a subtype of stroke, the high rates of mortality and 

morbidity are usually due to the initial haemorrhage. However, complications such as infection 

or delayed cerebral ischemia (DCI) developed during hospitalization are responsible of a high 

number of deaths (148). A 6-plex TMT analysis has compared the plasma proteome of patients 

developing infectious complications from those without in order to detect as early as possible 

patient at risk of being infected. Several biomarkers such as serum amyloid A were able to 

distinguish these patients, improving patient management and consequently in patient outcome 

(149).  

In the next sections, the TMT 10-plex method will be detailed to illustrate each step of the 

workflow. It is separated in 8 main parts; “sample preparation”, “Bradford assay”, “reduction, 

alkylation and protein digestion”, “TMT labelling”, “purification”, “fractionation”, “LC-MS/MS” 

and “data analysis”.  
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2. Material 

The following material, or equivalent, is necessary to perform a TMT analysis. The material is 

described in the different main parts as used during the analysis.  

2.1. Sample preparation 

Neuroproteomic using TMT analysis has been used in a large number of different human 

samples, most of them being taken post-mortem. In this chapter we will focus our attention on 

the preparation of three CNS derived samples: cerebrospinal fluid (CSF), cerebral tissue and 

neurons.  

2.1.1. CSF (150) 

o Millex-HV filters, Merck Millipore (Schaffhausen, Switzerland) 

o HPLC Alliance HT, Waters (Baden-Dättwil, Switzerland) 

o MARS column, Agilent Technologies (Santa Clara, CA, USA) 

o MARS buffer A and B, Agilent Technologies (Santa Clara, CA, USA) 

o SpeedVac concentrator, Savant SPD111V, Thermo Scientific (Waltham, MA, USA)  

2.1.2. Cerebral tissue (146) 

o Microtome, Leica (Muttenz, Switzerland)  

o Triethylammonium hydrogen carbonate buffer (TEAB) 1M, Sigma-Aldrich (Milwaukee, WI, 

USA) 

o Sodium dodecyl sulfate (SDS ≥98%), Sigma-Aldrich (Milwaukee, WI, USA) 

o CHAPS, Sigma-Aldrich (Milwaukee, WI, USA) 

o Protease Inhibitor Cocktail Tablets, Roche (Basel, Switzerland) 

o Sonicator, Thermo Scientific (Waltham, MA, USA)  

Solubilisation buffer: TEAB 100mM (pH 8), SDS 20% (w/v), CHAPS 4% (w/v), Proteases Inhibitor 

1x 

2.1.3. Neurons (151) 

o Sequencing Grade Modified Trypsin, Promega (Madison, WI, USA) 

o HBSS, no calcium, no magnesium, Thermo Scientific (Waltham, MA, USA) 

o HBSS, with calcium and magnesium, Thermo Scientific (Waltham, MA, USA) 

o Protease Inhibitor Cocktail Tablets, Roche (Basel, Switzerland) 

o Neurobasal medium plus B27 supplement, Invitrogen (Carlsbad, CA) 
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o Tris(hydroxymethyl)aminomethane hydrochloride, Sigma-Aldrich (Milwaukee, WI, USA) 

o Hydrochloric acid (HCl 25%), Merck Millipore (Schaffhausen, Switzerland) 

o Triton X-100, Sigma-Aldrich (Milwaukee, WI, USA) 

o Sodium fluoride (NaF), Sigma-Aldrich (Milwaukee, WI, USA) 

o Sodium orthovanadate (Na3VO4), Sigma-Aldrich (Milwaukee, WI, USA) 

o Sonicator, Thermo Scientific (Waltham, MA, USA)  

o Chloroform, Sigma-Aldrich (Milwaukee, WI, USA) 

o Methanol, Sigma-Aldrich (Milwaukee, WI, USA) 

o RapiGest SF Surfactant, Waters (Baden-Dättwil, Switzerland)  

Lysis buffer: Tris-HCl 50mM (pH 8.5), Triton X-100 2% (w/v), NaF 10mM, Na3VO4 1mM 

2.2. Bradford assay 

o Bovine Serum Albumin (BSA), Sigma-Aldrich (Milwaukee, WI, USA) 

o Dye Reagent Concentrate, Bio-Rad (California, USA)  

o Cuvettes with 1 cm path length matched to laboratory spectrophotometer, Bio-Rad 

(California, USA) 

o Spectrophotometer set to 595nm, Ultrospec 2100 Pro, Amersham Biosciences 

(Buckinghamshire, United Kingdom) 

2.3. Reduction, alkylation and protein digestion 

o Triethylammonium hydrogen carbonate buffer (TEAB) 1M, Sigma-Aldrich (Milwaukee, WI, 

USA) 

o Hydrochloric acid (HCl 25%), Merck Millipore (Schaffhausen, Switzerland) 

o 744 pH Meter, Metrohm (Herisau, Switzerland)  

o Tris(2-carboxyethyl)phosphine hydrochloride (TCEP), Sigma-Aldrich (Milwaukee, WI, USA) 

o Iodoacetamide (IAA), Sigma-Aldrich (Milwaukee, WI, USA) 

Sequencing Grade Modified Trypsin, Promega (Madison, WI, USA) 

2.4. TMT labelling 

o TMT 10-plex™ reagents, Thermo Scientific (Waltham, MA, USA)  

o Acetonitrile (ACN), Chromasolv® for HPLC (≥99.9%), Sigma-Aldrich (Milwaukee, WI, USA) 

o Hydroxylamine solution 50 wt% in water, Sigma-Aldrich (Milwaukee, WI, USA) 
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2.5. Purification (Macro and Micro SpinColumn) 

o C18 Macro SpinColumn, Harvard Apparatus (Holliston, MA, USA) 

o C18 Micro SpinColumn, Harvard Apparatus (Holliston, MA, USA) 

o Acetonitrile (ACN), Chromasolv® for HPLC (≥99.9%), Sigma-Aldrich (Milwaukee, WI, USA) 

o Water, Romil-SPS Super purity solvent (≥99.999%), Romil (Cambridge, England) 

o Formic acid (FA), ULC/MS grade (99%), Biosolve (Valkenswaard, Netherlands) to be collected 

with a glass syringe, Hamilton (Bondaduz, Switzerland).    

o pH-indicator paper pH 1-10 Universal indicator, Merck Millipore (Schaffhausen, Switzerland) 

o SpeedVac concentrator, Savant SPD111V, Thermo Scientific (Waltham, MA, USA)   

Solutions: 50% H2O+50% ACN+0.1% FA,  95% H2O+5% ACN+0.1% FA, 10% FA 

2.6. Fractionation    

o A 3100 OFFGEL Fractionator, Agilent Technologies (Santa Clara, CA, USA) with a 12 well 

fractionator.  

o IPG strip, Immobiline DryStrip pH 3-10, 13cm, GE Healthcare Bio-Sciences AB (Uppsala, 

Sweden)  

o Glycerol 87%, Merck Millipore (Schaffhausen, Switzerland) 

o IPG buffer, pH 3-10, GE Healthcare Bio-Sciences AB (Uppsala, Sweden) 

o Mineral oil, Agilent Technologies (Santa Clara, CA, USA) 

o 744 pH Meter and Biotrode, Metrohm (Herisau, Switzerland) 

o SpeedVac concentrator, Savant SPD111V, Thermo Scientific (Waltham, MA, USA)  

Stock solution: Glycerol 50%, 12% (v/v), IPG buffer 0.8%, H2O 87.2% 

Peptide sample solution/ Peptide strip rehydration solution (see note 1) 

Stock solution 80%, H2O 20% 

2.7. LC-MS/MS analysis    

o Acetonitrile (ACN), Chromasolv® for HPLC (≥99.9%), Sigma-Aldrich (Milwaukee, WI, USA) 

o Water, Romil-SPS Super purity solvent (≥99.999%), Romil (Cambridge, England) 

o Formic acid (FA), ULC/MS grade (99%), Biosolve (Valkenswaard, Netherlands) to be collected 

with a glass syringe, Hamilton (Bondaduz, Switzerland)    

o Easy nLC 1000 system, Thermo Scientific (Waltham, MA, USA)  

o Acclaim pepmap100, C18, 3 µm, 75 µm x 20 mm nano trap-column, Thermo Scientific 

(Waltham, MA, USA)  
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o Easy-Spray column 75 µm x 500 mm, C18, 2 µm, Thermo Scientific (Waltham, MA, USA)  

o LC-ESI-MS/MS on Orbitrap Fusion Lumos Mass Spectrometer, Thermo Scientific (Waltham, 

MA, USA) (see note 2) 

2.8. Data analysis    

o Proteome Discoverer Software, Thermo Scientific (Waltham, MA, USA) or equivalent 

software (see note 3) 

3. Method 

Before starting a TMT analysis, the experimental design should be carefully set-up. Particular 

attention should be taken to use equal protein concentration in the different samples and to add 

an internal standard to control the experimental variability within one TMT (see note 4) and/or 

between several TMT experiments.  

3.1. Sample preparation 

3.1.1. CSF 

o Samples can be obtained by lumbar or ventricular puncture following ethically approved 

clinical protocols (see note 5). 

o Filtrate the CSF on Millex-HV filters to remove all membrane and cellular debris (152). 

o Depending on the proteins of interest, deplete the CSF from the most abundant proteins 

(albumin, transferrin, IgG, IgA, α1-antitrypsin and haptoglobin) using MARS column (see 

note 6). 

o Depending on the sample concentration; lyophilize the sample using the speed-vacuum 

system in order to concentrate it (see note 6). 

o Control the protein concentration in the sample by e.g. Bradford assay (see 3.2 Bradford 

assay). 

o The sample can be stored at -80°C until use. 

3.1.2. Cerebral tissue 

o Cut the frozen tissues in slices of 18 µm (see note 7). 

o Homogenize 15 mg of brain tissue in 1mL of solubilisation buffer. 

o Perform light sonication; 10 x 60% amplitude, 10 pulse at 0.5s with 1 min on ice between 

pulses.  
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o Control the protein concentration in the sample by e.g. Bradford assay (see 3.2 Bradford 

assay). 

o The sample can be stored at -80°C until use. 

3.1.3. Neurons 

o Trypsinize the brain tissue (0.125% in HBSS, Ca2+- and Mg2+-free) and incubate for 25 min 

at 37°C (see note 8). 

o Wash once with HBSS containing Ca2+and Mg2+ after adding trypsin inhibitor. 

o Dissociate the cells in serum-free Neurobasal medium plus B27 supplement. 

o Lyse the cells using the lysis buffer. 

o Sonicate the lysed neurons. 

o Centrifuge the neurons at 20000 g for 15 min at 4°C. 

o Extract the proteins from the supernatant using chloroform/methanol (4:1 v/v) (153). 

o Re-solubilize the resulting pellet with RapiGest 0.1%. 

o Control the protein concentration in the sample by e.g. Bradford assay (see 3.2 Bradford 

assay). 

o The sample can be stored at -80°C until use. 

3.2. Bradford assay 

o Prepare a stock solution of BSA (1µg/µL) by mixing deionized water with lyophilized bovine 

serum albumin. 

o Prepare a dye reactive by mixing 1 part of Dye Reagent Concentrate with 4 parts of 

deionized water. 

o Prepare dilutions for standard curve. The final volume of each tube is 1 mL made of 800 µL 

sample (water and BSA) and 200 µL reactive. Important: always prepare a blank (BSA 

concentration = 0 µg/µL). 

o In the tube introduce the components in the following order: first H2O, then BSA and lastly 

the reactive. Mix gently and incubate for 10 minutes at room temperature. 

o Prepare samples to test in the same way (e.g. 2 µL sample + 798 µL H2O). 

o Just before reading the absorbance at 595 nm, transfer the prepared dilutions into the 

cuvettes. For more information about how to read the samples, refer to the manufacturer’s 

instructions. 

o Graph the standard curve manually or in Excel and calculate the concentration of the tested 

samples. 
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3.3. Reduction, alkylation and protein digestion (see notes 4 and 9) 

o For each tag, take 25 μg proteins from the samples and dry in a speed-vacuum (see note 10). 

o Reconstitute the samples using 33 μL of tetraethylammonium bromide (TEAB). TEAB should 

be prepared in water to obtain TEAB 0.1mM and the pH must be adjusted to 8 by HCl (see 

note 11). 

o Reduce the proteins by adding 2 μL of TCEP to each sample, incubate for 60 min at 37°C and 

spin down the samples. 

o Add 400 mM iodoacetamide to each sample for the alkylation step. 

o Incubate in the dark for 30 min at room temperature. 

o Add trypsin for a final concentration of 0.2 µg/µL. 

o Vortex and spin down the samples. 

o Incubate for digestion overnight at 37°C. 

3.4. TMT labeling  

o Leave TMT reagents at room temperature for 15 min. 

o Dissolve the lyophilized TMT reagents using 42 µL ACN. 

o Leave the reaction under agitation 60 min at room temperature. 

o Prepare hydroxylamine 5% (w/v) in water and add 8 μL to each sample. 

o Leave the reaction under agitation 15 min at room temperature. 

o Pool the samples together in a new tube. 

o Clean all the labelled samples tubes 2 x 30 µL H2O, vortex, spin down and add to the pooled 

sample tube. 

o Dry the pooled sample in a speed-vacuum (see note 12). 

o The samples can be stored at - 20 °C until further analysis. 

3.5. Purification (Macro SpinColumn) 

o Take a C18 Macro SpinColumn and place it in an Eppendorf tube. 

o Rehydrate the column with 400µl 100% ACN, wait 10min and centrifuge 1min at 1000 g. 

o Wash the spin column with 400 µl 50% H2O+50% ACN+0.1% FA and centrifuge 1min at 1000 

g. 

o Wash the spin column with 400 µl 95% H2O+5% ACN+0.1% FA and centrifuge 1min at 1000 g. 

o Remove the columns leftovers in the Eppendorf. 

o Put 400µl 95% H2O+5% ACN+0.1% FA into sample to re-suspend it. 

o Take 0.3 µl sample to control the pH that should be 3 or slightly below, adjust with 10% FA. 



Chapter II 
 
 

56 
 

o Place the sample into the column and centrifuge 1min at 1000 g. 

o Put 250µl 95% H2O+5% ACN+0.1% FA in the old sample tube to clean the tube and place it 

onto the column and centrifuge 1min at 1000 g. 

o Wash the column with 400µl 95% H2O+5% ACN+0.1% FA and centrifuge 1min at 1000 g (see 

note 13). 

o Place the column in a new tube. 

o Elute the sample with 300µl 50% H2O+50% ACN+0.1% FA and centrifuge 1min at 1000 g. 

o Dry the sample in speed-vacuum (see note 12). 

3.6. Fractionation (see note 14) 

o Assemble the OFFGEL electrophoresis (OGE) according to manufacturer’s recommendations. 

The following protocol is for 13cm strip - 12 fraction frame (see note 15). 

o Dissolve the sample in 1200 µL sample solution and vortex. 

o Put 20 µL peptide strip rehydration solution into well 2 to 11, and 40 into well 1 and 12 (see 

note 16). Gently tap the tray onto the desk, to ensure total rehydration of the strip.  

o Wet 4 pads with the rehydration solution. Place two pads on each side of the strip.  

o Wait for 30 minutes. 

o Vortex and spin the sample. 

o Load 150 µL sample solution from well 3 to 10. Add 150 µL peptide sample solution into well 

1, 2, 11 and 12 (see note 17). 

o Place the cover seal over the frame. 

o Place 200 µL oil on the left and 1000 µL on the right side of the frame. 

o After 1 minute, add 200 µL oil on each side of the frame. 

o Place electrodes on the pads. 

o Run the OGE overnight. Set the focusing parameters to; 20Kvh, 8000V, 50µA, 200mW, 100s 

and the hold parameters to; 500V, 20uA and 50mW. 

o Collect each fraction separately. Each cup should be washed with 100 µL of pure water and 

added to the corresponding sample. 

o Control the pH of each fraction to verify the correct separation. 

o Dry the samples in speed-vacuum (see note 12). 

o The samples can be stored at -20°C for one week until further analysis.  

3.7. Purification (Micro SpinColumn) 

o Take one C18 Micro SpinColumn per OGE fraction and place each one in an Eppendorf tube. 
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o Rehydrate each column with 200 µl 100% ACN, wait 10min and centrifuge 1min at 700 g. 

o Wash spin columns twice with 200 µl 50% H2O+50% ACN+0.1% FA and centrifuge 1min at 

700 g. 

o Wash spin columns twice with 200 µl 95% H2O+5% ACN+0.1% FA and centrifuge 1min at 700 

g. 

o Remove the columns leftovers in the Eppendorf tube. 

o Re-suspend each sample by adding 150 µl 95% H2O+5% ACN+0.1% FA. 

o Take 0.3 µl sample to control the pH that should be 3 or slightly below, adjust with 10% FA. 

Place one sample per column and centrifuge 1min at 700 g. 

o Put 150µl 95% H2O+5% ACN+0.1% FA in each sample tube to clean the tubes and forward 

the solution into the corresponding column and centrifuge 1min at 700 g. 

o Wash with 200µl 95% H2O+5% ACN+0.1% FA and centrifuge 1min at 700 g (see note 13). 

o Replace the Eppendorf tubes under each column with a new tube. 

o Elute the samples twice with 150μL 50% H2O+50% ACN + 0.1% FA. 

o Dry in a speed-vacuum (see note 12) and store the samples at -20°C until mass spectrometry 

analysis. 

3.8. LC-MS/MS analysis (see notes 18 and 19) 

o Reconstitute the samples in 95% H2O+5% ACN+0.1% FA for a final sample concentration of ≤ 

0.25 µg/µl (see note 20). 

o Centrifuge the samples 5 min at 14000 rpm before transferring them into RP-LC vials.  

o For the RP-LC, prepare solvent A (H2O 0.1% FA) and solvent B (ACN 0.1% FA). Run the RP-LC 

for 85 min using a flow rate of 220 nL/min and with the gradient; 0-1 min 95% A and 5% B, 

then 65% A and 35% B at 55 min, 20% A and 80% B at 65min for 2 min and re-equilibrate the 

column at 69 min. The chromatographic system is connected online with the quadruple-

Orbitrap spectrometer (Orbitrap Fusion Lumos). 

o Analyse the eluted peptides by electrospray ionization (ESI) in positive ion mode (1.9 kV). 

Use data-dependent acquisition method for mass spectrometry analysis. For the MS1 survey 

scan, set the Orbitrap resolving power to 120 000 at 200 m/z with a scan range of 300-1500 

m/z and an automatic gain control (AGC) value of 400000 (isolation width 0.7 m/z). The most 

abundant precursor ions in the MS1 scan are selected for subsequent HCD fragmentation 

with normalized collision energy of 40%. MS/MS spectra are acquired in the Orbitrap 

analyser with a resolving power of 60000 and dynamic exclusion of 30 seconds to avoid 

repeated analysis of the same precursor ion (see note 2). 
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3.9. Data analysis (see note 21) 

o Upload the .raw files to Proteome Discoverer and chose “fractions” to make the Proteome 

Discoverer consider all of them as one experiment and not separate analysis (see notes 22 

and 23). Add the isotope impurities correction (obtained by Thermo Scientific for each TMT 

package). 

o Chose the processing and consensus workflow with reporter based quantification that 

match the mass spectrometry instrument used or create your own.  

o The processing workflow should include identification by Mascot and percolator to set the 

peptide FDR to 1% (see note 24). Within Mascot the data are to be searched against a 

database, e.g. UniProt-Swiss-Prot. Fixed modifications are carbamidomethylation of 

cysteines, the TMT labelling of peptide amino terminus and lysine (monoisotopic mass 

modification of +229.162932 Da for TMT 10- and 6-plex) (see note 25). Oxidized methionine 

is a variable modification. Select trypsin as the used enzyme with the possibility of 1 missed 

cleavage. 

o Parameters to be applied in the consensus workflow are; protein FDR 1% (see note 24), 

unique and razor peptides, apply the isotopic correction, normalisation (see note 26) and 

scaling mode. 

o Define the tag ratios of interest to be calculated e.g. 126, 127N, 127C, 128N, 128C vs. 129N, 

129C, 130N, 130C, 131 (several different ratios can be performed).  

4. Notes 

1. The same solution is used for rehydration of both sample and strip. However, the solution 

should be separated in two different tubes in order to avoid sample contamination.  

2. Other high resolution mass spectrometry instruments can be used for TMT 10-plex analysis 

e.g. Orbitrap or Q-TOF. The minimum resolution required is 50000 at 150 m/z. The 

parameters required may differ from those described here. Different identification and 

quantification software can be used e.g. Mascot Software Matrix Science, Isobar 

Bioconductor, Scaffold Q+ Software Proteome Software and MaxQuant software.  

3. Internal standard can be used for detection of analytical bias. The samples should be equally 

spiked using a protein not initially included in the sample e.g. B-Lactoglobulin from bovine 

when using human samples. 

4. Cerebrospinal fluid (CSF) is a body fluid that occupies the subarachnoid space and the 

ventricular system. The total CSF volume in humans is around 135 mL and it is composed by 

a few numbers of cells (0-4 cells/µL), low protein concentration (400µg/mL) and salts. 
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Lumbar puncture is the selected method for the collection. Due to its direct contact with 

brain it is widely used in neuroproteomics. Protein concentration of CSF from the lumbar 

region is about 15 to 45 mg/dl protein whereas the protein concentration in cisternal and 

ventricular collection is lower. 

5. The main problem using the CSF for proteomic analysis is the low protein content; therefore 

it should be suitable to prefractionate it in order to have access to low-abundance proteins 

using for example antibody depletion. Another solution can be to concentrate the samples. 

6. The cellular composition will vary depending on the tissue region. It is important to adjust 

the protocol depending on the type of sample e.g. cerebral tissue can contain fat that needs 

to be cleaned (chloroform/methanol precipitation) before use.  

7. Neurons have glycolipids, sphingomyelin and cholesterol that make analysis of proteins 

difficult. The use of detergents or chaotropes among others is optimal for removing these 

interfering components.  

8. The TEAB and trypsin solutions should be freshly prepared for each experiment. The 

iodacetamide solution should be prepared immediately before use and protected from light. 

9. The amount of protein needed per sample will depend on the mass spectrometer used but 

25-100 µg are required for proper tagging.  

10. Poor labelling may be due to incorrect buffer pH or the use of an amine-based buffer.   

11. Add 100μL 95% H2O+5% ACN+0.1% FA to the dried sample and dry again. This allows getting 

the proteins that potentially stick on the side of the tube down to the bottom. 

12. After adding samples to columns when purifying, the “leftovers” should be kept in case of a 

poor separation. The purification step can in that case be redone.  

13. Before OGE, 5 µL of the pooled sample can be kept and dried for injection in LC-MS/MS for 

comparison with the OGE results but also as a control for bias search.  

14. The OGE can also be performed with 24 fractions. 

15. For a complete rehydration of the gel, including the gel situated outside the fractionation 

frame, more rehydration solution is added in the extremity wells. If not rehydrated enough, 

the gel might absorb the sample solution and leave the sample dry. Caution should be taken 

to not rehydrate too much as the current might find another path than through the gel.  

16. For an efficient fractionation with the OGE avoid bubbles when pipetting solutions.  

17. To avoid PEG contaminants in the samples only use polypropylene tubes and do not store 

acidic solutions in plastic tubes. The use of gloves also minimizes the contamination risk of 

PEG coming from soap and hand cream as well as keratins.  
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18. Remove all detergents that are not MS-compatible e.g. triton, NP-40, SDS, CHAPS and 

tween. 

19. An approximated estimation of the peptide concentration within each fraction can be 

obtained by compiling the original concentration used for labelling of each tag (e.g. 25 

µg/tag * 10 tags) and separate by the number of fractions used in the OGE (250 µg total / 12 

fractions).  

20. The settings for identification and quantification mentioned here should be considered 

as “potential guidelines” but adjustments can be necessary depending on sample type, 

instrument used, software used, experiment design and type of comparison. 

21. Depending on identification and quantification software to be used, software to convert the 

raw files might be necessary. The software MSconvert can be used to convert a number of 

different files into the required format. The software can be downloaded at the 

Proteowizard website (http://proteowizard.sourceforge.net/downloads.shtml).  

22. Depending on identification and quantification software to be used, the different fractions 

might need to be merged before use. This can be performed manually by copying all fraction 

raw files, one after the other, in order to obtain a single file containing all files.   

23. The false discovery rate (FDR) at both protein and peptide levels should be set to less than 

1% (154).  

24. The labelling efficiency can be verified by setting the TMT labelled peptide amino terminus 

and lysine to be a variable modification. The percentage of non-labelled peptides over the 

total amount of peptides should be less than 5%.  

25. Normalisation can be performed in order to avoid high biological variability. Several 

normalisation methods exists e.g. the intensity median for each tag is calculated and 

adjusted to the highest one. The applied factor should not be lower than 0.8.   

  

http://proteowizard.sourceforge.net/downloads.shtml
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5. Figures and tables 

Figure 1: The TMT 10-plex structure  

The position of heavy isotopes, 15N and 13C, are marked with asterisks.   

 

Figure 2: TMT 10-plex spectra MS/MS  

HCD fragmented MS/MS spectra including both identification and quantification. A) The MS/MS 

spectra containing the TMT reporter ions and the peptide ions. B) Zoom on the TMT 10-plex 

reporter region 126-131 m/z. C) Further zoom on the reporter tags to differentiate between the 

isotopes e.g. 127N (127.124760 m/z) and 127C (127.131079 m/z).  
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Neopterin plasma concentrations in patients with 

aneurysmal subarachnoid hemorrhage: correlation with 

infection and long-term outcome 

 
Leire Azurmendi, Vincent Degos, Natalia Tiberti, Natacha Kapandji, Paola Sanchez-Peña, Asita 

Sarrafzadeh, Louis Puybasset, Natacha Turck, Jean-Charles Sanchez 

Infections occurring after aSAH are one of the main factor responsible of outcome worsening 

and in-hospital deaths. In order to improve the management of the patients, the aim of this 

chapter was to identify a biomarker able to predict the patients at risk of in-hospital infections as 

well as their associated outcome.  

Based on the literature, the inflammation theory is the key physiopathological pathway leading 

to deleterious complications, therefore we tested the capacity of neopterin, an already 

described inflammatory marker, to act as infection and outcome marker in our population of 

aSAH patients.  

Neopterin concentrations were measured in 42 infected and 19 non-infected patients using 

ELISA kits. Obtained results allowed us to confirm that this metabolite was able to correlate with 

infection development from three days after hospital admission. The relationship with the 

outcome of the patients was also highlighted.  

This work was published in 2015 in Journal of neurosurgery. My contribution consisted in 

performing the different experiments, data analyses and in writing the paper. 
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ANEURYSMAL subarachnoid hemorrhage (aSAH) is 
a subtype of stroke associated with high rates of 
mortality and morbidity. Fifteen percent of patients 

die before arriving at a hospital, and 25% of deaths occur 
within the first 24 hours.34 Among the survivors, 30% will 
develop a long-term delayed neurological deficit that will 
affect their quality of life.21,32

The long-term outcome partially depends on early di-

agnosis and management.1,12 Therefore, if an aneurysm is 
detected by CT in a patient with aSAH, invasive treatment 
is indicated to prevent a second hemorrhage from the af-
fected vessel, the most important cause of death in the first 
24 hours following aSAH.20,25 Large studies, such as the 
International Subarachnoid Aneurysm Trial (ISAT), have 
investigated whether neurosurgical clipping or endovas-
cular coiling improve the long-term outcome. It has been 

abbreviatioNs  aSAH = aneurysmal subarachnoid hemorrhage; AUC = area under the ROC curve; DCI = delayed cerebral ischemia; EVD = external ventricular drain; 
GCS = Glasgow Coma Scale; GOS = Glasgow Outcome Scale; NSE = neuron-specific enolase; ROC = receiver operating characteristic; ROS = reactive oxygen species; 
S100b = S100 calcium binding protein–b; WBC = white blood cell; WFNS = World Federation of Neurosurgical Societies.
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Neopterin plasma concentrations in patients with 
aneurysmal subarachnoid hemorrhage: correlation with 
infection and long-term outcome
leire azurmendi, msc,1 vincent degos, md, phd,2 Natalia tiberti, phd,1 Natacha Kapandji, md,2 
paola sanchez-peña, md,2 asita sarrafzadeh, md,3 louis puybasset, md,2 Natacha turck, phd,1  
and Jean-charles sanchez, phd1

1Department of Human Protein Sciences, University of Geneva, Geneva, Switzerland; 2Department of Anaesthesiology,  
Pitié-Salpêtrière University Hospital, Paris, France; and 3Department of Neurosurgery, Charité-Universitätsmedizin Berlin, 
Germany

obJective Aneurysmal subarachnoid hemorrhage (aSAH) is associated with high rates of mortality and morbidity. 
The main predictor for the poor outcome is the World Federation of Neurosurgical Societies (WFNS) scale. However, 
this scale does not take into account proinflammatory events, such as infection occurring after the aSAH, which could 
modify the long-term status of patients. The aim of this study was to evaluate neopterin as an inflammatory biomarker for 
outcome and infection prediction in aSAH patients.
methods Plasma concentrations of neopterin were measured in 61 aSAH patients (22 male and 39 female; mean 
age [± SD] 52.8 ± 11.8 years) using a commercial ELISA kit. Samples were collected daily for 10 days. Outcome at 12 
months was determined using the Glasgow Outcome Scale (GOS) and dichotomized as poor (GOS score 1, 2, or 3) or 
good (GOS score 4 or 5). Infection was determined by the presence of a positive bacterial culture.
results Patients with poor outcome at 12 months had higher concentrations of neopterin than patients with good out-
come. In the same way, patients who had an infection during the hospitalization had significantly higher concentrations 
of neopterin than patients without infection (p = 0.001). Moreover, neopterin concentrations were significantly (p < 0.008) 
elevated in infected patients 2 days before infection detection and antibiotic therapy. 
coNclusioNs Neopterin is an efficient outcome predictor after aSAH. Furthermore, it is able to differentiate between 
infected and uninfected patients as early as 2 days before clinical signs of infection, facilitating earlier antibiotic therapy 
and better management.
http://thejns.org/doi/abs/10.3171/2015.3.JNS142212
Key words aneurysmal subarachnoid hemorrhage; outcome; infection; inflammation; biomarker; neopterin; vascular 
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shown, however, that the outcome depends mainly on un-
modifiable factors present at admission and on secondary 
complications rather than the choice of treatment.3,20,25

Until recently, the most accepted criteria for predicting 
the outcome of aSAH have been increased age and results 
of clinical and radiological assessment scales for evalua-
tion of the patient’s neurological state at hospital admis-
sion, such as the Fisher grade, which measures the severity 
of the hemorrhage,17 and the World Federation of Neuro-
surgical Societies (WFNS) scale, which uses the Glasgow 
Coma Scale (GCS) and assessment of focal neurological 
deficits to establish the severity of symptoms.14,17,28 

Interest in the measurement of CSF and blood bio-
markers has increased in the last few years because the 
ability to monitor patients throughout hospitalization may 
lead to important improvements in their management. In-
creased concentrations of S100 calcium binding protein–
b (S100b), C-reactive protein, adhesion and matrix mole-
cules, and vasogenic and cardiac markers have been found 
in aSAH patients with poor outcomes, but the limited ac-
curacy of most of these markers has hampered their use in 
clinical practice.13,27,36,38

Neopterin, a catabolic product of GTP (guanosine-5-tri-
phosphate) produced by human monocytes-macrophages 
upon stimulation with interferon-g, has been reported as 
an outcome and infection biomarker for several inflam-
matory diseases.6,19,35 Moreover, Mathiesen et al. showed 
that the CSF and plasma concentrations of neopterin were 
higher in patients suffering from aSAH than in controls. 
The use of neopterin to predict patient outcomes was also 
studied, but no association was found.23

We hypothesized that inflammation and infection af-
ter the hemorrhagic event have important effects on out-
come,11 and we evaluated neopterin as a biomarker of in-
flammation and infection that may be useful in predicting 
outcomes in aSAH patients.

methods
patients and sample collection

The aSAH patients included in the present study were 
hospitalized at the Pitié-Salpêtrière Hospital of Paris 
(France) between July 2004 and April 2008. Aneurysmal 
SAH was confirmed angiographically and by CT. The 
study was approved by the local ethics committee (Co-
mité de Protection des Personnes, Pitié-Salpêtrière, Paris, 
France). All patients or their surrogates signed a written 
informed consent.

Patient neurological status was evaluated on admission 
to the intensive care unit by use of the WFNS scale. De-
pending on the location and the size of the aneurysm, the 
aneurysm was not treated, was treated by surgical clip-
ping, or was treated by endovascular coil embolization. 
More details on the clinical monitoring and treatment 
have been previously described by Turck et al.36

Among 198 consecutively hospitalized patients, 137 
were excluded from the present study due to 1) presence 
of more than 1 hemorrhagic event, 2) admission to the hos-
pital more than 48 hours after the onset of symptoms, 3) 
missing clinical information, or 4) insufficient sample vol-
ume to perform our assays. Sixty-one patients were then 
finally included in this study (Fig. 1).

Plasma samples were collected the day of arrival at the 
hospital and subsequently every day for 10 consecutive 
days (Day 1–Day 10).

The Glasgow Outcome Scale (GOS) was used to assess 
patient outcomes by telephone interview 12 months after 
the hemorrhagic event. Depending on the grade of depen-
dence, the outcome was classified as poor (GOS score 1, 2, 
or 3) or good (GOS score 4 or 5) by a doctor who had not 
participated in the initial care.

During hospitalization, patient infection status was de-
fined daily based on the criteria established by the Interna-

Fig. 1. Inclusion criteria flowchart for the population investigated in this study.
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tional Sepsis Forum Consensus Conference on Definitions 
of Infection in the Intensive Care Unit.4 When there was 
a suspicion of infection based on systematic clinical and 
biological criteria, bacteriological samples were obtained. 
Antibiotic therapy was started as soon as there was suspi-
cion of infection and was readjusted once the results of the 
cultures were obtained. The first day of antibiotic therapy 
in infected patients was designated as T-0, the day before 
treatment as T-1, and 2 days before treatment as T-2.

Neopterin and s100β assays
Neopterin concentrations in plasma samples were mea-

sured using a commercially available enzyme-linked im-
munosorbent assay (ELISA) kit according to the manufac-
turer’s instructions (BRAHMS GmbH).

S100b concentrations were determined with an immu-
noluminometric sandwich assay on an LIA-mat 300 ana-
lyzer (Byk-Sangtek France Laboratories) using manufac-
turer’s reagents.2 Technical variability was assessed using 
internal quality controls (coefficient of variation ≤ 20%).

Concentrations of both molecules were measured once 
per day during the first 10 days of hospitalization in order 
to evaluate their capacity to act as outcome and infection 
markers. 

statistical analysis
Statistical analyses were performed with SPSS soft-

ware (version 21, SPSS Inc.). The Shapiro-Wilk test was 
used to test deviations from Gaussian distribution of age, 
neopterin concentration, and S100b concentration. Age 
was normally distributed, and a parametric test was per-
formed to compare the differences between the ages of pa-
tients with good versus poor outcome. Because neopterin 
and S100b concentrations did not follow a normal distri-
bution, the Mann-Whitney U-test was used for statistical 
comparisons between 2 unpaired groups and the Fried-
man test for comparisons of paired groups. Fisher’s exact 
test and the chi-square test were used to assess whether 
the groups of patients with good or poor outcome differed 
significantly with respect to sex, WFNS grade, modified 
Fisher scale grade, presence of convulsions, use of exter-
nal ventricular drain (EVD), presence of hydrocephalus, 
and treatment. Univariate and multivariate analyses were 
performed to assess the association between variables. In 
a first analysis, the 12-month GOS score was set as the 
dependent variable and the WFNS grade, S100b concen-
tration, neopterin concentration, and presence of infection 
as confounders. In a second analysis, the presence/absence 
of infection was set as the dependent variable and sex, 
WFNS grade, blood white blood cell (WBC) count, neop-
terin concentration, and EVD use were set as confounders. 
The model was validated using the bootstrap method. Cat-
egorical data were dichotomized according to the crite-
ria of the demographic characteristics table. Longitudinal 
data were also dichotomized according to the best cutoff 
obtained from area under the receiver operating character-
istic (ROC) curve (AUC) analysis. 

All statistical tests were bilateral, and a p value < 0.05 
was considered statistically significant. When multiple 
comparisons were done, Bonferroni correction of the p 

values was applied. Sample size estimation was calculated 
to obtain a power of 90% and a 2-sided error of 5%.30

Receiver operating characteristic curves were calcu-
lated for WFNS grade at Day 1 and for neopterin and 
S100b concentrations from Day 1 to Day 10. AUC values, 
specificity, sensitivity, and 95% CIs were calculated with 
the pROC package for S+, version 8.1. (TIBCO Software 
Inc.).30 A cutoff value corresponding to the best combi-
nation of specificity and sensitivity was obtained at each 
time point for both markers. The Youden index (J) was 
obtained using the following formula: J = (SE% + SP%) - 
100, where SE is sensitivity and SP is specificity. 

results
demographic characteristics

The demographic characteristics of the 61 patients in-
cluded in this study are summarized in Table 1. Most of 
the patients were women (64%), and the patients’ mean 
age (± SD) was 52.8 ± 11.8 years. In this cohort, 61% of the 
patients had no motor deficit at admission to the hospital 
(WFNS grade 1 or 2), and 75% were treated with emboli-
zation. Angiographic vasospasm developed in 38% of the 
patients and infection in 69%.

Prediction of Outcome According to Neopterin and S100β 
plasma concentrations

At 12 months after hospital admission there were no 
significant differences between patients with good and 
those with poor outcomes with respect to the modified 
Fisher scale grade or the development of delayed cerebral 
ischemia (DCI), seizures (data not shown), or angiograph-
ic vasospasm. Nevertheless, univariate analyses showed 
that even though our study group of patients with aSAH 
included more women than men, the number of men who 
had a poor outcome (n = 12, 54.5%) was greater than the 
number of women (n = 10, 45.5%). WFNS grade and GCS 
score were highly associated with poor outcome at 12 
months (p < 0.0001). Furthermore, the intervention tech-
nique (clipping or coiling) appeared to play an important 
role in the long-term outcome, as all the patients whose 
aneurysms were not treated had a poor outcome at 12 
months (p = 0.005). Finally, most of the patients with a 
poor outcome after hospitalization (21 of 22) developed an 
infection during hospitalization, which strengthened the 
association between outcome and the presence of infec-
tion (p = 0.007, OR 18).

To evaluate the utility of neopterin and S100b for pre-
dicting 12-month outcome after aSAH, the concentrations 
were measured every day. Patients were classified accord-
ing to poor (GOS score 1, 2, or 3) or good (GOS score 4 
or 5) outcome at 12 months. Results are shown in Fig. 2. 
Patients with poor outcomes showed significantly higher 
plasma concentrations of neopterin and S100b than pa-
tients with good outcome. The S100b concentrations were 
elevated from the day of hospital admission and remained 
elevated during the whole period of measurement, where-
as significantly higher concentrations of neopterin were 
found from 3 days after hospitalization (Day 3) onward. 
Moreover, in the case of neopterin, a progressive increase 
in concentrations was observed.
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To evaluate the performance of these 2 variables for the 
prediction of patient outcomes, ROC curves were used. 
Detailed results are shown in Table 2 and Figs. 3 and 4. 
For neopterin, the best discrimination was found 5 days 
after hospitalization: AUC 84.2% (95% CI 71.9%–94.1%) 
for a cutoff concentration of 12.7 nmol/L, with specific-
ity and sensitivity values of 74.4% and 86.4%, respec-
tively (J = 60.8). For S100b, the best discrimination was 
found 10 days after hospitalization: AUC 86.9% (95% CI 
73.5%–97.3%) for a cutoff concentration of 0.2 μg/L, with 
specificity and sensitivity values of 86.4% and 88.2%, re-
spectively.

Taking into account the best cutoff values obtained 
from the ROC analysis (AUC), we dichotomized the longi-
tudinal variables in univariate and multivariate regression 
analyses. Univariate analysis showed that sex, presence of 
infection, and WFNS grade, as well as the concentrations 
of neopterin and S100b, were associated with outcome at 
12 months. In multivariate analysis, however, only neop-
terin concentration and WFNS grade displayed a relation-
ship with the patients’ long-term status (Table 3).

The combination of WFNS grade at admission to the 

hospital—AUC 89% (95% CI 81.3%–96.7%), specificity 
87.2% and sensitivity 77.3% (J = 64.5)—and neopterin 
concentration at Day 5 dramatically improved the overall 
accuracy of outcome prediction, reaching a Youden index 
(J) of 75.5. 

infection prediction according to plasma Neopterin 
concentration and wbc count

Infection in aSAH patients can produce systemic in-
flammatory response syndrome, with associated elevated 
body temperature, elevated heart rate, tachypnea, and leu-
kocytoses. Because these symptoms appeared to be im-
portant factors affecting prognosis after aSAH (p = 0.001), 
we evaluated whether WBC counts and neopterin concen-
trations were significantly different in patients with (n = 
42) and without infection (n = 19).

We first evaluated the capacity of these variables to 
help us decide whether or not antibiotic therapy should be 
initiated. We found that the concentrations of neopterin 
obtained on the first day of antibiotic treatment for patients 
who developed an infection were significantly greater than 
concentrations obtained at the corresponding time point 

TABLE 1. Comparison of demographic and clinical characteristics of 61 aSAH patients stratified by outcome at 12 
months*
 Outcome at 12 Mos

Characteristic Total (n = 61) Good (n = 39) Poor (n = 22) p Value†

Sex  0.03
  Male 22 (36.1%) 10 (25.6%) 12 (54.5%)  
  Female 39 (63.9%) 29 (74.4%) 10 (45.5%)  
Age in yrs  0.875‡
  Mean (SD) 52.8 (11.8) 52.3 (12.5) 53.8 (10.5)  
WFNS grade  <0.0001
  1 or 2 37 (60.7%) 32 (82.1%) 5 (22.7%)  
  3, 4, or 5 24 (39.3%) 7 (17.9%) 17 (77.3%)  
GCS score   <0.0001
  <9 15 (24.6%) 2 (5.1%) 13 (59.1%)  
 9–12 7 (11.5%) 3 (7.7%) 4 (18.2%)  
  ≥13 39 (63.9%) 34 (87.2%) 5 (22.7%)  
Vasospasm  0.871
  Yes 23 (37.7%) 15 (38.5%) 8 (36.4%)  
  No 38 (62.3%) 24 (61.51%) 14 (63.6%)  
Treatment   0.005
  Surgery 11 (18%) 5 (12.8%) 6 (27.3%)  
  Embolization 46 (75.4%) 34 (87.2%) 12 (54.5%)  
  No treatment 4 (6.6%) 0 (0%) 4 (18.2%)  
EVD   <0.0001
  Yes 37 (60.6%) 16 (41 %) 21 (95.5%)  
  No 24 (39.4%) 23 (59%) 1 (4.5%)  
Infection  <0.0001
  Yes 42 (68.9%) 21 (53.8%) 21 (95.5%)  
  No 19 (31.1%) 18 (46.2%) 1 (4.5%)  

*  Data are numbers of patients (%) unless otherwise indicated. Good outcome represents a GOS score of 4 or 5; poor outcome, a GOS score 
of 1, 2, or 3. 
†  Based on Fisher’s exact test or chi-square test, except where otherwise indicated. Bold type indicates statistical significance.
‡  Based on Mann-Whitney U-test.
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in those who did not develop an infection (see Discussion) 
(Fig. 5). The Youden index performance, used to differen-
tiate between these 2 groups, reached a value of J = 39.59. 
In contrast, the WBC count did not differ significantly be-
tween the 2 groups (see Table 5 and Fig. 6).

Because neopterin concentration appeared to be an 
efficient biomarker for infection, we evaluated its perfor-
mance throughout the entire hospitalization. Neopterin 
concentrations were significantly higher in infected pa-
tients from 3 days after hospitalization onward up to 10 
days (Fig. 7). The performance of this biomarker in es-
tablishing this differentiation was most effective at Day 
3 (AUC 76.7%), which corresponded in most of the cases 
with 2 days before the start of infection treatment (Table 
5 and Fig. 8).

To evaluate whether this increase in neopterin con-
centrations in infected patients was correlated with the 
appearance of infection, univariate analyses were per-
formed using values obtained at Day 5, which represented 
the mean day of infection detection (i.e., the mean of the 
numbers of days of hospitalization at which infection was 
detected). Univariate analysis demonstrated that there 
was a relationship between the presence of an infection 
and high concentrations of neopterin, poor neurological 
state at admission to the hospital, and the placement of an 
EVD. There was, however, no relation between the WBC 
count and the development of infection. When we tested 
the same parameters in multivariate analyses, neopterin 
remained an independent factor for the presence of infec-
tion in aSAH patients (Table 4).

discussion
Long-term outcome after aSAH is a major clinical is-

sue, and the rates of mortality and morbidity are high.31 
The prediction of 12-month outcome as well as the detec-
tion of complications during the hospitalization may help 
physicians to provide better care for aSAH patients and 
better inform family members of what to expect during 
the months to come.15 

Several unmodifiable factors, such as increased age or 
the level of consciousness of the patient at hospital admis-
sion, have been proposed and used as the best univariate 
predictors of outcome.17 Among these, we found that the 
level of consciousness (GCS score) and focal neurological 
deficit (WFNS score) were the strongest predictors (p < 
0.001). However, the failure of these neurological assess-
ment scales to address complications occurring during 
hospitalization has highlighted the need for blood bio-
marker identification.

The calcium-binding protein S100b has been one of 
the most commonly used prognostic biomarkers in vari-
ous conditions associated with brain damage, such as trau-
matic brain injury, stroke, and aSAH.27 However, the use 
of this biomarker in clinical practice has been impeded 
by limitations in its sensitivity and specificity. Mathiesen 
et al. evaluated the capacity of neopterin to act as a bio-
marker for outcome prediction in aSAH patients, but no 
association was found between neopterin concentrations 
and patient outcomes.23 In the present study, however, we 
found that increased concentrations of neopterin predicted 
poor outcome at 12 months in 61 patients followed for 10 
days after aSAH. Although the concentrations of neop-
terin followed the same kinetics in both studies, the low 
number of patients included in the prior analysis may have 
been the cause of this difference in outcome determina-

Fig. 2. Kinetics of neopterin (upper) and S100b (lower) concentrations 
from the day of hospital admission to 10 days thereafter with patients 
grouped according to outcome. The mean neopterin and S100b con-
centrations are indicated by solid black circles for the patients with poor 
12-month outcome (GOS score 1–3) and by solid gray circles for those 
with good outcome (GOS score 4 or 5). Error bars in corresponding 
colors represent the standard deviations. The numbers on the graphs 
represent the number of patients tested at each time point. Comparison 
between 2 groups was performed using the Mann-Whitney U-test. *p < 
0.05, after Bonferroni correction.
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tion. The performance of neopterin in differentiating be-
tween patients with good and poor outcomes is quite simi-
lar to that of S100b or WFNS. Nevertheless, the combina-
tion of neopterin with WFNS data substantially increases 
the total values for sensitivity and specificity, reaching a 
Youden index value (J) of 75.5. This fact highlights the 
finding that although the impact of initial hemorrhage is a 
key factor affecting outcome, monitoring the patient dur-
ing the acute phase is also important for improving the 
patient’s outcome.

There are 2 major advantages of neopterin over already 
established prognostic methods. First, neopterin is an ear-
lier biomarker than S100b, making it possible to identi-
fy, only 5 days after hospitalization, patients who are at 
higher risk of inflammatory complications. This allows 
the application of treatment before complications appear, 
increasing the level of care and consequently decreasing 
the long-term deterioration risk.

The second advantage is that neopterin can function as 

a biomarker for complications such as infection or DCI 
that are not addressed by the currently used clinical scales. 
These events must be considered during the process of 
biomarker discovery in aSAH, because they appear to be 
the main causes of pathophysiological worsening.

After the hemorrhagic event, the blood clot in the sub-
arachnoid space leads to recruitment of adhesion mol-
ecules at the surface of endothelial cells.5,22,24,29 Immuno-
logical cells such as neutrophils and macrophages phago-
cytize the red blood cells and degranulate between 2 and 4 
days after activation, releasing a large quantity of intracel-
lular endothelins and reactive oxygen species (ROS).26 The 
release of ROS causes a decrease in vasodilatation, lead-
ing to cerebral vasoconstriction and the development of 
angiographic vasospasm and DCI.37 Because vasospasm 
and DCI are associated with important adverse effects 
on quality of life, many studies have been conducted to 
investigate their underlying mechanisms. However, other 
inflammatory events that play important roles in the long-

Fig. 3. ROC curves for neopterin representing the ability to differentiate between patients with poor and those with good outcomes 
from the day of hospital admission (Day 1 [D1]) through the 10th day of hospitalization. 
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Fig. 4. ROC curves for S100b representing the ability to differentiate between poor and good outcome patients from the day of 
hospital admission (Day 1 [D1]) through the 10th day of hospitalization. 

table 3. univariate and multivariate analysis of different factors 
for predicting outcome at 12 months after asah*

Analysis & Factor p Value OR (95% CI)

Univariate analysis
  Sex 0.027 0.287 (0.09–0.87)
  WFNS grade <0.0001 15.54 (4.28–56.44)
  S100β (<0.4 µg/L) 0.026 3.71 (1.17–11.8)
  Neopterin (12.7 nmol/L) <0.0001 18.37 (4.46–75.52)
  Infection 0.007 17.8 (2.2–142.7)
Multivariate analysis
  WFNS grade 0.001 12.91 (2.79–59.68)
  Neopterin (12.7 nmol/L) 0.001 15.34 (3.03–77.77)

*  Data obtained at Day 5 in a total of 61 cases were analyzed. The dichoto-
mization of longitudinal data was made according to the cutoff obtained in the 
AUC analysis at Day 5; the applied values are written next to the variable. Bold 
type indicates statistical significance. 

table 4. univariate and multivariate analysis of different factors 
for predicting the presence of infection*

Analysis & Factor p Value OR (95% CI)

Univariate analysis   
  Sex 0.29 0.53 (0.16–1.73)
  WFNS grade 0.004 21.8 (2.66–178.53)
  WBC (10.9 × 106 cells/mm) 0.18 2.75 (0.63–12.1)
  Neopterin (12.7 nmol/L) 0.002 8.66 (2.17–34.49)
  EVD <0.0001 13.75 (3.65–51.81)
Multivariate analysis
  WFNS grade 0.099 6.88 (0.69–68.29)
  Neopterin (12.7 nmol/L) 0.03 5.63 (1.13–28.06)
  EVD 0.01 6.97 (1.55–31.37)

*  Data obtained at Day 5 in a total of 61 cases were analyzed. The dichoto-
mization of longitudinal data was made according to the cutoff obtained in the 
AUC analysis at Day 5; the applied values are written next to the variable. Bold 
type indicates statistical significance.
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Fig. 5. Box-and-whiskers plots showing the concentrations of neopterin 
2 days before initiation of antibiotic therapy, 1 day before initiation of an-
tibiotic therapy, and the day that antibiotic therapy was initiated, with pa-
tients stratified by the presence (gray boxes, n = 35) or absence (white 
boxes, n = 16) of infection. The boxes represent interquartile ranges, 
the dark horizontal lines represent medians, the whiskers represent the 
adjacent values (Q1 - [1.5 × IQR] to Q3 + [1.5 × IQR], where IQR is 
interquartile range), and the outliers are shown by solid circles. Com-
parisons between the 2 groups were performed using the Mann-Whitney 
U-test. The Friedman test and Dunn posttest were used to compare the 
mean rank concentrations of neopterin 2 days before treatment and the 
day of treatment. Significance is reported after Bonferroni correction. *p 
< 0.05, **p < 0.01, ***p< 0.001. 

Fig. 6. ROC curves for neopterin and WBC representing the ability to differentiate between infected and uninfected patients the 
day antibiotic therapy was initiated (T-0), 1 day before (T-1), and 2 days before (T-2). 

Fig. 7. Kinetics of neopterin concentration from the day of hospital 
admission to Day 10, with patients grouped according to the presence 
or absence of infection. The mean neopterin concentration is shown 
by solid black circles for the patients who had infection and by solid 
gray circles for those without infection. Error bars in corresponding 
colors represent the standard deviations. The numbers on the graphs 
represent the number of patients tested at each time point. Comparison 
between 2 groups was performed using the Mann-Whitney U-test. *p < 
0.05, after Bonferroni correction.
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term condition of aSAH patients, such as infections, have 
not been adequately investigated.8,10

In our study, we focused our attention on infection be-
cause infections developed during hospitalization in 95% 
of the patients with poor outcomes,10 indicating that early 
detection and treatment of bacterial infections may im-
prove patient outcomes. In addition, the discrimination of 
infection from other pathologies with similar presentations 
should decrease the amount of unnecessary antibiotic use, 
avoiding associated resistance, toxicity, and allergic reac-
tions.16,33 

The WBC count is used as a reference value to detect 
several inflammatory diseases. However, in aSAH patients 
the WBC count cannot be used for this purpose because of 
the leukocytosis produced by the blood clot. To our knowl-
edge, this is the first reported study showing that a marker 
of inflammation able to predict long-term outcome after 
aSAH is also correlated with the appearance of infection. 
Neopterin concentrations, which indicated overexpression 
of this biomarker in all 61 patients included in this study, 

enabled us to significantly differentiate between patients 
who developed an infection after aSAH and patients who 
did not. When comparing the concentrations before the 
detection of the infection, we found that concentrations of 
neopterin were already significantly different 2 days be-
fore the positive bacterial culture.

These results suggest that neopterin may be useful in 
clinical practice as a screening test to trigger earlier bac-
teriological studies. Based on our study results, the ideal 
day to measure neopterin concentrations seems to be 3 
days after admission to the hospital; this is approximately 
2 days before the detection of infection by bacterial cul-
ture. At this time point, we found that a cutoff value of 
11.8 nmol/L would allow correct classification in 77% of 
the cases with respect to whether infection will develop 
or not. However, several critical issues should be further 
evaluated regarding the use of this biomarker. The asso-
ciation between infection and outcome must be clarified to 
confirm that prevention of infection leads to improvement 
in patient outcomes. In addition, the exact time or sequen-

Fig. 8. ROC curves of neopterin representing the ability to differentiate between infected and uninfected patients from the admis-
sion to the hospital to 10 days after.
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tial times to measure the neopterin concentrations, as well 
as the best cutoff values to trigger initiation of treatment, 
must be defined. 

Thus far, we have not been able to confirm that neop-
terin is a direct diagnostic marker of infection or whether 
its concentrations in aSAH patients are associated with 
the initial hemorrhage, which would mean that a larger 
hemorrhage might increase the grade of inflammation, 
worsening the general state of the patient and consequent-
ly increasing the risk of infection. Alternatively, further 
pathophysiological insights may be obtained by measuring 
the concentrations of neopterin in patient CSF. As already 
mentioned by Mathiesen et al.,23 this polar molecule does 
not cross the blood-brain barrier, so the direct evaluation 
of the inflammation produced by the hemorrhage may in-
crease understanding of the relation between inflamma-
tion and infection development.23

Furthermore, in this cohort, the development of DCI 
and the amounts of blood measured by the Fisher scale 
were not correlated with outcome, findings which do not 
reflect the data in the literature.7,9,18

In summary, once these small confounders are elucidat-
ed, neopterin could become a useful biomarker to improve 
the clinical management and outcome in aSAH patients.

conclusions
Neopterin is a potential outcome and infection predic-

tor after aSAH. The objective information provided by the 
measurement of neopterin concentrations immediately af-
ter hospital admission and onward may enhance the per-
formance of other clinical methods for patient assessment. 
To evaluate the clinical utility of this biomarker, the results 
of the present study should be validated in larger and mul-
ticenter studies.
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Leire Azurmendi, Vincent Degos, Natalia Tiberti, Natacha Kapandji, Paola Sanchez, Asita 

Sarrafzadeh, Louis Puybasset, Natacha Turck, Jean-Charles Sanchez 

As already described in the previous chapter, infections occurring after aSAH have deleterious 

effects on patient’s outcome. The prompt identification of patients at high risk of developing 

them, could allow an earlier antibiotherapy and improvement on patients outcome. Therefore, 

the main objective of this chapter was to find an infection biomarker earlier than neopterin in 

order to start with the treatment as soon as the diagnosis has been performed. For this purpose, 

we compared the proteome of infected and non-infected patients at hospital admission using a 

TMT-6 plex. Among the 209 quantified proteins and among the 17 significantly regulated ones, 

SAA appeared to be the protein with the most promising ratio, being 15.86 (SD: 5.1-49.3) times 

more elevated in infected patients than in non-infected ones. This discovery result was validated 

using ELISA immunoassays in 81 patients and confirmed that SAA could be a promising infection 

marker in aSAH.  

The corresponding article was published in 2015 in Journal of proteome research. My 

contribution consisted in performing the different experiments, analyzing the data and writing 

the article.  
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ABSTRACT: Aneurysmal subarachnoid hemorrhage (aSAH)
is associated with high rates of mortality and morbidity.
Nosocomial infections, such as pneumonia or urinary tract
infections, are among the main causes of worsening outcomes
and death. The aim of this study was to discover a biomarker to
predict infection in aSAH patients. For this purpose, the plasma
of infected and noninfected patients was compared using
quantitative mass spectrometry. The most interesting differ-
entially expressed proteins were selected for validation by
immunoassays on plasma samples taken from patients (n = 81)
over 10 days of hospitalization. Predictive performances were
established using Mann−Whitney U tests and receiver
operating characteristic curves. Quantitative proteomics identi-
fied 17 significantly regulated proteins. Of these, levels of serum
amyloid A (SAA) were significantly higher in infected patients (p < 0.007). ELISA confirmed that the concentrations were
significantly higher (p < 0.002) already at hospital admission in patients who subsequently developed an infection during their
hospitalization, (AUC of 76%) for a cutoff value of 90.9 μg/mL. Our data suggested that measuring SAA could be an efficient
means of detecting patients susceptible of developing an infection during hospitalization after an aSAH. Its predictive capacity
could lead to earlier antibiotherapy, improved patient management, and potentially better long-term outcomes.
KEYWORDS: collision-induced dissociation, nosocomial infection, serum amyloid A, Glasgow Coma Scale, Glasgow Outcome Scale

1. INTRODUCTION

aSAH is a devastating condition produced by the rupture of a
cerebral aneurysm.1 Approximately 35% of the patients die
within 24 h of the initial hemorrhage and many survivors
remain hospitalized with important physical and neurological
impairments.2−4

The impact of the initial hemorrhage produces a local and
general inflammatory response that affects patients’ long-term
states of health.5 aSAH increases the levels of inflammatory
factors, and a high number of lymphocytes are released into the
brain.6 Significant immunodepression is subsequently observed,
producing an impairment of immune function. A reduction in
the number of T and B cells is observed, as is a decrease in the
activation of those T cells.7,8

This imbalance in the immune system increases the risk
factors for developing secondary complications such as
infection, which is both common and significant in aSAH
patients.8 Twenty percent of hospitalized patients develop
pneumonia, 13% develop a urinary tract infection, 8% develop a

bloodstream infection, and 5% develop meningitis or
ventriculitis.9

In stroke patients, these infections have been described as
being significant outcome modulators, prolonging hospital stays
and increasing rates of morbidity and mortality.10−12 Very little
is known about whether and how infections in aSAH patients
affect their long-term health status; however, it has been
postulated that the early diagnosis and prevention of infections
could lead to better management of aSAH patients.9

Symptoms that usually indicate the presence of an infection
are importantly unsettled by the initial hemorrhage. Concern-
ing biomarker discovery, we recently showed that the levels of
neopterina catabolic product of guanosin-5-triphosphate
(GTP)correlated with the presence of infection in aSAH
patients.13 Other studies have also investigated the capacity for
procalcitonin and C-reactive protein (CRP) to be sepsis
markers in aSAH patients.14 Currently, however, an ideal
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biomarker with potential to be translated into the clinical
practice has yet to be found.
The aim of the present study was to find an early biomarker

that could identify aSAH patients who are at a higher risk of
developing infectious complications, to change clinical
practices, and to improve their long-term health status.15

Using proteomics, we compared the plasma samples of infected
and noninfected aSAH patients to identify the most promising
biomarkers. Because SAA levels were already found to be high
at hospital admission, this made it a promising infection
detection tool.

2. MATERIAL AND METHODS

2.a. Sample and Patient Descriptions

The 81 aSAH patients included in this study were hospitalized
at the Pitie ́ Sapet̂rier̀e hospital in Paris (France) between July
2004 and April 2008. The present study was approved by the
hospital’s ethics committee (Comite ́ de Protection des
Personnes, Pitie ́ Sapet̂rier̀e, Paris, France). All patients or
their legal representatives signed an informed consent form.
Patients fulfilled the inclusion criteria for enrollment if their

aSAH event had been confirmed by angiograph and computed
tomography, they were admitted to hospital within 2 days of
the initial hemorrhage, and they were aged above 18 years old.
Exclusion criteria were any missing clinical information, not
enough sample volume, and more than one hemorrhagic event.
At hospital admission clinical scores were used to assess

patients’ severity. The World Federation of Neurosurgical
Societies scale (WFNS 1−5) was used to dichotomize the
patients in good (WFNS 1−2) and poor (WFNS 3−5) clinical
state. The Glasgow Coma Scale (GCS 3−15) was used to
determinate the grade of the brain injury: patients with severe
brain injury (GCS < 9), with moderate brain injury (GCS 9−
12) and with minor brain injury (GCS ≥ 13).16,17 The severity
of the hemorrhage was determined using the Fisher score.18

Patients’ clinical outcomes were established by telephone
interview 1 year after the hemorrhage, using the Glasgow
Outcome Scale (GOS). Patients were classified as having either
a poor (GOS score of 1, 2, or 3) or good outcome (GOS score
of 4 or 5) depending on their level of functional dependence.19

Plasma samples were collected from the patients every
morning, from hospital admission until 10 days later (D1−
D10). Infection status was established according to the
International Sepsis Forum Consensus Conference on
Definitions of Infection in the ICU.20 Antibiotherapy was
only started when systematic clinical and biological criteria
pointed to a bacterial infection such as pneumonia, a urinary
tract infection, or a bloodstream infection. Bacteriological
samples were taken at this time point and the treatment was
adjusted once the results were obtained.
2.b. Proteomic Study

Quantitative proteomic analyses were performed on three
infected patients, 2 days before the infection developed, and on
two noninfected patients to identify any differentially expressed
proteins.
2.b.i. Sample Preparation. Depletion with Resin. Ten

μL of each plasma sample was depleted of the 12 most
abundant proteins (alpha-1-acid glycoprotein, alpha-1-antitryp-
sin, alpha-2-macroglobulin, albumin, apolipoprotein A-I,
apolipoprotein A-II, fibrinogen, haptoglobin, IgA, IgG, IgM,
transferrin) using Proteome Purify 12 immunodepletion resin
(R&D Systems), according to the manufacturer’s instructions.

Protein concentrations were determined using the Bradford
assay. Two μg of protein from each sample was analyzed using
the sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) procedure to evaluate the proper depletion
performance of the 12 abundance proteins. Samples were dried
in a speed vacuum.

2.b.ii. Reduction, Alkylation, Digestion, and TMT
Labeling. The quantitative proteomic experiment used 25 μg
of protein from each depleted sample. These dried samples
were added to 33 μL of tetraethylammonium bromide (TEAB)
to reconstitute them. The proteins were reduced by adding 2
μL of tris(2-carboxyethil) phosphine hydrochloride (TCEP) to
each sample; they were then reacted at 37 °C for 60 min. This
solution was mixed with iodoacetamide 400 mM for the
alkylation step, and this mixture was stored in the dark for 30
min at room temperature. The digestion occurred overnight at
37 °C using trypsin (0.2 μg/μL). The protocol is detailed by
Dayon et al.21,22

Subsequently, 25 μg of each digested plasma sample was
labeled with one of the six TMT reagents (Proteome Sciences,
Frankfurt, Germany) applying a TMT-based approach, that is,
Simultaneous Marker discovery And verification for the Rapid
Translation of Exogenous Reference material (SMARTER) and
according to the manufacturer’s instructions. Samples belong-
ing to infected patients were labeled with TMTs 126, 127, and
128. Samples belonging to noninfected patients were labeled
with TMTs 129 and 130. TMT 131 was used to label a mixture
of 25 μg of white blood cells (WBCs) and 25 μg of post-
mortem cerebrospinal fluid (CSF). Each sample was spiked
with 1 μg of β-lactoglobulin to monitor experimental error. The
total quantity of each labeled sample (25 μg) was pooled and
dried in a speed-vacuum.

2.b.iii. Off-Gel Electrophoresis. Off-gel electrophoresis
(OGE) separation was carried out using an Agilent 3100 Off-
Gel fractionator, according to the manufacturer’s instructions.
Previously dried samples were reconstituted using the OGE
solution and focused using an immobilized pH gradient (IPG)
dry strip (13 cm, pH 3−10).21 Samples were desalted, dried in
the speed vacuum, and stored at −20 °C until analysis.

2.b.iv. LC−MS/MS. An LTQ Orbitrap Velos Pro instru-
ment (Thermo, San Jose, CA) coupled to a nanoflow high-
pressure liquid chromatography (NanoAquity system
(Waters)) was used to analyze the OGE fractions, as previously
described.23

In brief, peptides were trapped in a homemade 5 μm 200 Å
Magic C18 AQ (Michrom) 0.1 × 20 mm precolumn and
separated on a Technology analytical nanocolumn (C18, 5 μm,
100 Å). The analytical separation was run for 65 min using a
gradient of H2O/FA 99.9%/0.1% (solvent A) and CH3CN/FA
99.9%/0.1% (solvent B). The gradient was run as follows: 0−1
min 95% A and 5% B, then to 65% A and 35% B at 55 min, and
20% A and 80% B at 65 min at a flow rate of 220 nL/min. For
the MS survey scans, OT resolution was set to 60 000 and the
ion population was set to 5 × 105 with an m/z window from
400 to 2000. A maximum of three precursors were selected for
both collision-induced dissociation (CID) in the LTQ and
high-energy C-trap dissociation (HCD) with analysis in the
OT. For MS/MS in the LTQ, the ion population was set to 7 ×
103 (isolation width of 2 m/z), while for MS/MS detection in
the OT it was set to 2 × 105 (isolation width of 2.5 m/z), with a
resolution of 7500, first mass at m/z = 100, and maximum
injection time of 750 ms. The normalized collisional energies
were set to 35% for CID and 60% for HCD. The dynamic
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exclusion was fixed to 45 s. The charged-state screening
parameters were set to exclude precursor ions of charge state
1+ for MS analysis.
2.b.v. Data Analysis. Protein Identification. Peak lists

were generated from the combined HCD-CID raw data spectra
using EasyProtConv v1.5 software. The peak lists were
obtained using the 12 OGE fractions and were submitted to
the EasyProt software platform (version 2.3, build 718) that
uses the Phenyx software (GeneBio, Geneva, Switzerland) for
protein identification. Searches were performed using the
Uniprot-Swiss Prot database (2014-10, 669903).24 A Homo
sapiens taxonomy was selected to search this database, and the
following parameters were selected: Oxidized methionine was
set as the variable modification and cysteine carbamethylation,
and TMT6 lysine and TMT6 amino-terminus were set as the
fixed modifications. Trypsin was selected as the proteolytic
enzyme, allowing one missed cleavage. The parent ion
tolerance was set to 10 ppm, and the accuracy of fragment
ions was set to 0.6 Da. Only proteins with <1% false discovery
rate (FDR) and at least two different unique peptides were
selected for further analysis.25 A minimum peptide length of six
amino acids was used.
Protein Quantification. Isobaric quantification was per-

formed using the Isobar R package.26 Isotopic impurities of
TMT6 reporter-ion intensities were corrected according to the
isotopic distribution data provided by the manufacturer.
Intensities were also normalized by using the equal median
intensity method. Peptides were not quantified without
reporter intensities. The infection/no infection ratio was
calculated for each peptide, combining the reporter-ion
intensities between infected patient channels (126.1, 127.1,

and 128.1) and noninfected patient channels (129.1 and
130.1). To test the ratio’s accuracy and biological significance,
we calculated technical and biological variability for each
protein ratio. A ratio p value and a sample p value were
calculated for each variable. Furthermore, only proteins with a
cutoff threshold value higher or lower than 1.5 or 0.67 were
considered.27−29

2.c. Western Blotting

Western blotting (WB) was used to evaluate the expression of
serum amyloid A (SAA) taken from six infected patients (2
days before infection onset) and four noninfected patients at
the equivalent time point. For each patient, 3 μL of 1/100
diluted plasma was loaded onto a 15% T/2.6% C acrylamide
gel. Mouse anti-SAA monoclonal antibody (Abcam, Cam-
bridge, U.K.) was used at a dilution of 1/4000. The secondary
antibody (polyclonal goat antimouse horseradish peroxidase,
Dakon Denmark, Glostrup, Denmark) was applied at 1/2000
dilution. The images obtained were analyzed using ImageQuant
7.0 software (GE Healthcare). SAA band intensities from
infected and noninfected patients were then analyzed using
GraphPad Prism software (version 6.03, 2013, San Diego, CA).
2.d. ELISA

To determine levels of SAA from hospital admission to 10 days
later, plasma samples were diluted 1/2000. The Meso Scale
Discovery (MSD) Vascular Injury Panel-I ECL assay was used
according to the manufacturer’s instructions (MSD, Gaithers-
burg, MD). SAA concentrations were assessed using an
electrochemiluminescence detection system using multiarray
technology (SECTOR Imager 2400, Meso Scale Discovery), as
previously described.30

Table 1. Demographic Characteristics of the Study Population Comparing the Presence or Absence of Infection during
Hospitalization

Infection

Total n = 81 (%) Yes (n = 54) No (n = 27) Pa

Gender 0.099
Male n (%) 28 (34.6%) 22 (27.2%) 6 (7.4%)
Female n (%) 53 (65.4%) 32 (39.5%) 21 (25.9%)

Age (years)b 0.455
Average (±SD) 51.3 ± 13 52.1 ± 12.87 49.81 ± 13.43

WFNS score 0.001
1,2 n (%) 48 (59.3%) 25 (30.9%) 23 (28.4%)
3,4,5 n (%) 33 (40.7%) 29 (35.8%) 4 (4.9%)

Glasgow Coma Scale 0.001
<9 21 (25.9%) 20 (24.7%) 1 (1.2%)
9−12 8 (9.9%) 7 (8.6%) 1 (1.2%)
≥13 52 (74.1%) 27 (33.3%) 25 (30.9%)

Vasospasm 0.111
Yes n (%) 34 (42%) 26 (32.1%) 8 (9.9%)
No n (%) 47 (58%) 28 (34.6%) 19 (23.5%)

Treatment 0.276
Surgery n (%) 63 (77.8%) 42 (51.9%) 21 (25.9%)
Embolization n (%) 14 (17.3%) 8 (9.9%) 6 (7.4%)
No treatment n (%) 4 (4.9%) 4 (4.9%)

EVD <0.0001
Yes n (%) 52 (64.2%) 44 (54.3%) 8 (9.9%)
No n (%) 29 (35.8%) 10 (12.3%) 19 (23.5%)

GOS 1 yearc 0.002
Good n (%) 45 (55.6%) 26 (32.1%) 19 (23.5%)
Poor n (%) 21 (44.4%) 20 (24.7%) 1 (1.2%)

aFisher’s exact test/Chi square test. bAge: Mann−Whitney U test. cGOS score 1, 2, or 3: poor outcome; GOS score 4 or 5: good outcome.
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2.e. Statistical Analysis

We used SPSS software (version 21, SPSS, Chicago, IL) for the
statistical analyses. Because the levels of SAA did not follow a
normal distribution, the Mann−Whitney U test was used for
statistical comparisons between two unpaired groups. A
Bonferroni correction of the p values was applied when
multiple comparisons were performed.
All statistical tests were bilateral, and a p value <0.05 was

considered statistically significant.
Receiver operating characteristic (ROC) curves were

calculated for SAA at hospital admission. The values of area
under the ROC curves (AUC), specificity (SP), sensitivity
(SE), and 95% confidence intervals (95% CI) were calculated
using the pROC package for S+, version 8.1. (TIBCO, Software
Inc.).31

Univariate and multivariate analyses were performed to
assess the associations between variables. The presence of
infection was set as the dependent variable, and the WFNS
score, GCS score, SAA, and an external ventricular drain
(EVD) were set as confounders. Categorical data were
dichotomized according to the criteria from the table of
demographic characteristics. Longitudinal data were also
dichotomized according to the best cutoff points obtained
after analysis from the AUC values.

3. RESULTS

3.a. Population

The present study included 81 aSAH patients: 27 noninfected
and 54 infected. Of the infected patients, 83% developed
pneumonia and the remaining 17% developed a urinary tract
infection. Their demographic characteristics are shown in Table
1. The mean patient age was 51.3 years old ±13; 65.4% of
patients were women; 59.3% of patients were in a good
neurological state (WFNS score 1−2) at hospital admission;
42% of patients developed a vasospasm (confirmed by
angiograph)during hospitalization; and 64.2% had an EVD
installed. At 1 year, 44.4% of patients were rated as having a
poor health outcome (GOS 1, 2, or 3).
The WFNS and GCS scores were highly associated with the

development of an infection: Patients with a poor neurological
state at hospital admission were more prone to developing an

infection than those under good neurological condition (p =
0.001). Patients with an EVD were also at a higher risk of
developing an infection (p < 0.0001). Finally, we observed that
95% of the patients with a poor health outcome at 1 year had
developed an infection.
3.b. Proteomic Workflow

3.b.i. Discovery Step: Proteomic Results. Quantitative
proteomic analyses comparing the proteome of infected and
noninfected patients revealed 209 proteins (1% FDR, two
unique peptides) (Supplementary Table 1). Seventeen proteins
were significantly regulated between the two groups: 7 down-
regulated and 10 up-regulated proteins were found in patients
who went on to develop an infection during their stay in
hospital (Table 2). The most significantly expressed of the 17
proteins (serum amyloid A, with a ratio of 15.86 (SD: 5.1−
49.3) to 1) was selected for further analysis.

3.b.ii. Verification Step: WB Results. To verify the SAA
results obtained via the proteomic TMT6 analysis, we made a
WB analysis of the plasma samples from six infected aSAH
patients (2 days before the infection developed) and four
noninfected aSAH patients. Half of the patients included in this
verification phase had been included in the proteomic discovery
phase and half were new patients. As shown in Figure 1, the
intensity of plasma bands for all of the infected aSAH patients

Table 2. Significant Differential Plasma Proteins between Infected and Noninfected Patients after Proteomic Analysis

Protein ID AC Peptides Ratio p value rat p value sample

Peroxiredoxin-1 PRDX1 PRDX1_HUMAN Q06830 2 0.3 <0.0001 0.005
Histidine-rich glycoprotein HRG HRG_HUMAN P04196 10 0.54 <0.0001 0.008
Lumican LUM LUM_HUMAN P51884 7 0.58 <0.0001 0.010
Antithrombin-III SERPINC ANT3_HUMAN P01008 18 0.63 <0.0001 0.016
Gelsolin GSN GELS_HUMAN P06396 12 0.65 <0.0001 0.019
Tetranectin CLEC3B TETN_HUMAN P05452 5 0.67 0.037 0.040
Kallistatin SERPINA4 KAIN_HUMAN P29622 9 0.74 0.010 0.043
SH3 domain binding glutamic acid rich like protein 3 SH3BGRL3 SH3L3_HUMAN Q9H299 2 1.39 0.011 0.049
Carbonic anhydrase 2 CA2 CAH2_HUMAN P00918 3 1.48 <0.0001 0.026
Complement factor H-related protein 4 CFHR4 FHR4_HUMAN Q92496 2 1.54 0.044 0.028
Von Willebrand factor VWF VWF_HUMAN P04275 5 1.7 0.013 0.009
Alpha-1-acid glycoprotein 1 ORM1 A1AG1_HUMAN P02763 8 1.74 0.047 0.006
Neutrophil defensin 3 DEFA3 DEF3_HUMAN P59666 6 2.02 0.000 0.004
Haptoglobin HP HPT_HUMAN P00738 26 2.1 0.001 0.001
Pregnancy zone protein PZP PZP_HUMAN P20742 10 2.55 0.010 0.004
Hemoglobin subunit beta HBB HBB_HUMAN P68871 8 3.7 0.021 0.002
Serum amyloid A-1 protein SAA1 SAA1_HUMAN P0DJI8 8 15.86 0.007 <0.0001

Figure 1. Western blotting expression of SAA in plasma samples of 6
infected patients (2 days before the infection developed) and 4
noninfected patients. * = significance level (p < 0.05).

Journal of Proteome Research Article

DOI: 10.1021/acs.jproteome.5b00391
J. Proteome Res. 2015, 14, 3948−3956

3951

http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00391/suppl_file/pr5b00391_si_001.xlsx
http://dx.doi.org/10.1021/acs.jproteome.5b00391


was significantly higher than those for noninfected ones (p <
0.001), confirming the results obtained using quantitative
proteomics.
3.b.iii. Validation Step: ELISA Results. SAA levels in the

plasma of 54 infected and 27 noninfected patients were
measured using an SAA ELISA assay. Concentrations were
measured daily, from hospital admission until 10 days later.
Figure 2 shows that throughout hospitalization the mean SAA
levels were significantly higher in infected patients than in
noninfected ones.

The accuracy of using SAA to differentiate between these two
groups of patients was evaluated at hospital admission (D1)

and at the mean day of infection development (D5). As shown
in Figure 3, 5 days after hospitalization, using SAA to
discriminate between patients who would develop an infection
and those who would not, had reached a total AUC value of
79.4% (cutoff: 91.2 μg/mL). Furthermore, we found that even
at hospital admission, this method of differentiation had already
reached a promising AUC value of 76% (cutoff: 90.96 μg/mL).
To better understand its capacity to determine which

patients would develop an infection, we fixed the SP value of
100%, which gave a SE value of 25% (threshold: 514.1 μg/mL).
This signified that at hospital admission, 100% of the patients
who would not develop an infection could be correctly
classified, as could 25% of the patients who would.
3.c. Univariate and Multivariate Analysis

Taking into account the cutoff concentration obtained at
hospital admission to discriminate between infected and
noninfected patients (threshold: 90.96 μg/mL), we dichotom-
ized the SAA continuous variable to perform a regression
analysis.
Univariate analyses showed that the WFNS score, the GCS

score, SAA, and EVD were all associated with the presence of
infection in aSAH patients; however, in multivariate analyses,
only SAA levels and the presence of an EVD showed a
relationship with the development of an infection. Patients with
SAA levels higher than 90.96 μg/mL on admission had a higher
risk (5.8 times higher) of developing an infection than patients
with values below this cutoff (Table 3).

4. DISCUSSION
Infections occurring in the first few days following an aSAH are
associated with important rates of morbidity and mortality;
therefore, this study aimed to identify infection predictor
markers to reduce the number of infections occurring after
hemorrhagic events. Using proteomics, we compared plasma
samples from infected and noninfected aSAH patients to
identify the most promising biomarkers. Among the signifi-
cantly regulated proteins between the two groups, SAA showed
the most promising ratio. The elevated concentrations of SAA

Figure 2. Kinetics of SAA concentrations from hospital admission
through to 10 days later. The mean SAA concentration is shown by ■
for infected patients and by ● for noninfected patients. Bars represent
the standard deviation to the mean. The numbers on the graphs
represent the number of patients tested at each time point.
Comparisons between the two groups were made using the Mann−
Whitney U test. * = significance level reported after the Bonferroni
correction (p < 0.05).

Figure 3. ROC curve of SAA representing the capacity to differentiate between patients who would and would not develop an infection during their
hospitalization: at hospital admission (D1) and at the mean day of infection (D5).
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found in infected patients through proteomic analysis were
confirmed using WB and ELISA, making SAA levels a
promising diagnostic tool for infection.
At present, infection diagnosis is a complex task for

physicians: Symptoms that usually indicate the presence of an
infection, such as fever or high levels WBC, are merely
indicators of an aSAH patient’s initial brain injury, as produced
by the hemorrhage.32 When infection is suspected, therefore, a
bacterial culture is made, but a result can take 2 or 3 days.
A more objective parameter with which to identify the

patients at a higher risk of infection could improve
antibiotherapy, patient management, and, consequently, the
associated outcome.10,33

Copeptin levels appear to be higher in stroke patients who
develop an infection than in control patients.34 The use of
procalcitonin as a diagnostic tool for general and respiratory
tract infections associated with strokes has also been previously
studied;35,36 however, the associated low SE and controversies
between studies have brought into question procalcitonin’s
utility in clinical practice.
To the best of our knowledge, there has been little research

on infection diagnosis in aSAH patients. Neopterin has been
one of the most promising markers to date.13 This biomarker of
inflammation correlated well with infection. Levels of neopterin
were significantly higher in infected patients than in non-
infected ones at 4 days after hospitalization and gave an AUC
value of 74.8% at that time point. Nevertheless, an ideal
biomarker would already be able to correctly classify which
patients will develop an infection at hospital admission, and
thus this should occur earlier than with neopterin.
We postulated that the development of a systemic infection

would trigger important changes in the proteins circulating in
plasma some days before the onset of that infection. We applied
quantitative proteomics to identify biomarkers detectable
earlier than neopterin.
Among the 17 differentially regulated proteins at admission

to the hospital, some of them were already described as being
correlated with infection. Concentrations of neutrophil
defensin 3, for example, appeared to be elevated in plasma,
blood, and body fluids from patients with infection.37

Haptoglobin and ORM-1, two acute phase proteins, also
showed increased levels in inflammatory and infectious
disorders;38−40 however, in this study, SAA showed the most

promising elevated ratio. It is an acute phase inflammatory
protein produced by the liver and the precursor of the amyloid
A protein.41,42 Increased concentrations of SAA have been
found in patients suffering from malignant tumors, autoimmune
diseases, and viral (influenza, rhinovirus, rubella) and bacterial
(enterocolitis, urinary tract infection) infections.43−45 It has
been also described as an important diagnostic marker of
neonatal sepsis.46,47 In cerebral infarction, different concen-
trations of SAA were found in patients with and without
infectious complications.48

This study, validated on 81 patients, showed that SAA levels
at hospital admission were significantly higher in patients who
went on to develop an infection during their hospitalization
than in patients who did not. SAA concentrations start
increasing in infected patients just after their aSAH and
remained elevated throughout their hospitalization, which is in
perfect agreement with previously described SAA kinetics.47

Compared with previous studies of neopterin, we observed that
SAA was more accurate and could predict infection earlier,
making this biomarker a promising diagnostic tool for infection.
The increase obtained at the admission to the hospital could

be considered to be a marker of vulnerability in aSAH patients,
being an indirect indicator of infection. Consequently, testing
SAA levels could be used clinically to flag patients who should
be monitored more closely.49 Physicians could modify the
management of higher risk patients right from admission. This
could help to avoid invasive care/treatment, to increase
preventive measures to avoid pulmonary infections and, most
importantly, to monitor clinical and laboratory indicators of
infection to start antibiotherapy as soon as the infection
appears.34,50,51 The moment when antibiotherapy should begin
has been extensively studied and remains a controversial subject
with regard to critical care patients. Some phase II clinical trials
have shown that the administration of prophylactic therapy
could reduce the number of infections and in some cases
improve the patient outcomes;52−54 however, other studies
demonstrated that the intravenous administration of levoflox-
acin did not improve infection prevention when compared with
optimal care.55

Our study stands with several technical and biological
limitations.
Technically, the discovery TMT approach used to compare

the proteome of infected and noninfected patient was
performed in a very small sample size (n = 5), which could
lead to several false-positive and -negative results. When it is
applied for discovery steps, this drawback should always be
considered and be by strict verification and validation steps.
Biologically, for SAA to become an effective biomarker of
infection, leading to prophylactic treatment, the present study’s
results should be validated in a prospective multicenter and
larger cohort; the number of patients included in this study was
limited, especially when the subgroup of patients (infection/
noninfection) was stratified. Furthermore, it should be
investigated whether SAA can act as a diagnostic marker of
infection or whether it is a marker of inflammation. The
differential diagnosis between inflammation and infection is
crucial to avoid unnecessary antibacterial treatment. To do this,
the levels of SAA should be compared for systemic bacterial
infections, viral infections, and inflammatory events without
infectious complications.35 Similarly, the lack of SP in
distinguishing the different types of infection is an important
drawback of acute-phase inflammatory molecules that should
be solved. As previously reported, the combination of SAA with

Table 3. Univariate and Multivariate Analyses of Different
Parameters for Predicting the Presence of Infection at
Hospital Admissiona

Presence of infection p OR

Univariate Analysis
WFNS score 0.002 6.67 (2.03−21.9)
GCS score

13−15 reference
<9 0.006 18.51(2.31−148.34)

SAA at admission (90.9 ug/mL) <0.0001 8.11 (2.54−25.87)
EVD <0.0001 10.45(3.57−30.59)

Multivariate Analysis
SAA at admission (90.9 μg/mL) 0.01 5.82 (1.52−22.31)
EVD 0.04 4.03(1.08−15.07)
aTable details p values and the odds ratio (OD) with 95% CI. The
dichotomization of longitudinal data was made at the cut-off obtained
in the AUC analysis at D1. The values applied are written next to the
variable.
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other markers or clinical parameters could lead to promising
results. Finally, an explanation of SAA’s role in aSAH should be
sought. The results presented here, together with those from
neopterin studies, suggest that inflammation has an important
role in the pathophysiology of the disease; however, there is still
a need for an explanation of why SAA levels increased before
clinical signs of infection appeared.56

Once these confounders have been elucidated, SAA could be
added the list of biological parameter used in clinical practice to
improve the management of patients at risk of infection and
associated outcomes.

5. CONCLUSIONS
In a small cohort of patients with aSAH, the present study
demonstrated that SAA levels could be used to predict infection
already at hospital admission. This suggests that SAA is a
promising tool for future use in clinical practice to improve the
management of aSAH patients. Further prospective, multi-
center studies are needed to validate these results.
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Abstract
Purpose: Nosocomial infections are some of the main causes of worsening outcomes and death in aneurysmal subarachnoid hemorrhage patients. We hypothesize 
that combination of clinical parameters and blood biomarkers could increase the capacity of individual markers to dichotomize the patients at risk of infections. 
Methods: The present study included 104 patients (69 infected/35 non-infected) from two independent European cohorts. Accuracy of biomarkers (serum amyloid A, 
C-reactive protein, neopterin and WBC) and clinical parameters (WFNS, GCS and age) were evaluated at hospital admission using receiver operating characteristic 
curves. The most accurate panel combination was obtained using Panelomix.
Results: At hospital admission, the most sensitive parameters for the stratification of patients at risk of developing an infection were SAA and the WFNS. To reach 
a SP of 100% (95% CI, 100–100), SE values of 26.9% (95% CI, 15.9–38.1) and 31.9% (95% CI, 21.7–43.5) were obtained respectively. Moreover, the combination of 
SAA, WBC, WFNS, and age significantly improved the SE to 64.3% (95% CI, 50–78.6). 
Conclusions: At hospital admission the panel SAA, WBC, WFNS, and age appear as a promising tool for predicting in-hospital infections, which could lead to a 
better management of patients and in their associated outcomes. 
Abbreviations:  aSAH: aneurysmal subarachnoid hemorrhage; AUC: area under the ROC curve; CI: confidence interval; CRP: C-reactive protein; ELISA: enzyme-
linked immunosorbent assay; GCS: Glasgow Coma Scale; GOS: Glasgow Outcome Scale; ICU: intensive care unit; MSD: mesoscale discovery; NP: neopterin; 
ROC: receiver operating characteristic; SAA: serum amyloid A; SE: sensitivity; SP: specificity; UTI: urinary tract infection; WBC: white blood cells; WFNS: World 
Federation of Neurosurgical Societies.

Introduction
Nosocomial infections are common complications in patients 

suffering from aneurysmal subarachnoid hemorrhage (aSAH). 
Pneumonia and urinary tract infections (UTI) are the most prevalent, 
developing in at least one third of aSAH patients [1,2]. Such infections 
can significantly impair patients’ outcomes, prolonging hospital 
stays, and increasing associated rates of morbidity and mortality [3-5]. 
Identifying patients at a higher risk of developing an infection is crucial to 
promptly improve treatment for a potentially long-lasting disability [6,7]. 

Blood biomarkers can be effective risk assessment indicators; 
they can provide information about the disease’s pathophysiology 
and, furthermore, they are objectively measurable throughout 
hospitalization [8,9]. In stroke patients, C-reactive protein (CRP) or 
white blood cells (WBC) are the two most commonly used infection 
markers [10,11]. However, for aSAH patients, no blood biomarkers are 
available in clinical practice. We recently showed that neopterin (NP) 
and serum amyloid A (SAA) could be promising predictive markers of 
infection as their plasma concentrations were significantly higher in 

patients developing infection during hospitalization compared to those 
who did not [12-14]. 

The utility of combining multiple parameters to improve the 
performance of individual markers has been described previously 
[15-19]. Therefore, in the present study, we postulated that combining 
previously described blood biomarkers with aSAH clinical parameters 
might be an efficient strategy for the stratification of patients in need 
of prophylactic antibiotherapy. Firstly, we evaluated how effectively 
different blood biomarkers (SAA, CRP, NP, and WBC) and clinical 
parameters (GCS, WNFS, Fisher, and age) at hospital admission were 
in identifying patients who subsequently developed an infection during 
hospitalization. Secondly, we tested which combination of parameters 
formed the best test panel for predicting the risk of infection.
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Materials and methods
Patient description

The present study included 104 patients from two different 
cohorts of patients: 25 patients admitted consecutively to the Charité 
Universitätsmedizin Hospital in Berlin (Germany) between January 
2010 and August 2012 and 79 patients admitted consecutively to the 
Pitié-Salpêtrière Hospital in Paris (France) between July 2004 and April 
2008. 

The present study was approved by both hospitals’ ethics 
committees: the Local Research Ethics Committee at Charité Virchow 
Medical Center and the Patient Protection Committee at the Pitié-
Sapêtrière Hospital respectively. As per the Declaration of Helsinki, 
all the patients or the legal representatives signed an informed consent 
form.

The inclusion criteria for the present study were: 1) aged 18 years 
old or above, 2) aSAH confirmed by computed tomography and 
angiography, and 3) hospital admission within 48 hours of the onset of 
the hemorrhage. Patients presenting with more than one hemorrhagic 
event, not enough sample volume, and/or missing clinical information 
were excluded (Supplementary figure 1). 

The severity of aSAH patients was assessed at hospital admission 
using the World Federation of Neurosurgical Societies scale (WFNS 1–5) 
[20]. Patients were dichotomized between good (WFNS 1–2) or poor 
neurological state (WFNS 3–5) depending on their initial clinical state. 
According to the Glasgow Coma Scale (GCS) patients were separated 
into three groups: patients with severe brain injury (GCS<9), moderate 
brain injury (GCS 9–12), and minor brain injury (GCS ≥ 13) [20,21]. 
The severity of the hemorrhage was established according to the Fisher 
score [22]: grade 1, no subarachnoid blood; grade 2, broad diffusion of 
subarachnoid blood; grade 3, with clots or thick layers of blood; grade 4, 
intraventricular hemorrhage or intracerebral hematoma, no clot; grade 
5, intraventricular hemorrhage or intracerebral hematoma with clot.

The best type of intervention (clipping or coiling) was determined 
based on the location and size of each aneurysm.

The Glasgow Outcome Scale (GOS) was used to evaluate patients 
outcome one year after hospital admission. Depending on the level of 
functional dependence, patients were dichotomized into poor (GOS 
score of 1, 2, or 3) or good outcome groups (GOS score of 4 or 5) [23].

Infection status was established according to the International 
Sepsis Forum Consensus Conference on  Definitions of Infection in 
the ICU [24]. Patients were classified as having or not this kind of 
infections: pneumonia, UTI or bloodstream infection. Bacteriological 
samples were taken at this time point, and the treatment was adjusted 
once results were obtained.

The demographic characteristics of the patients are shown in Table 1.

Marker measurement
Plasma samples were collected from patients on the day of hospital 

admission.

Concentrations of SAA, CRP, NP, and WBC were measured in 
these plasma samples collected on the day of hospital admission.  

The Meso Scale Discovery (MSD) Vascular Injury Panel-I ECL 
assay was used to determine the levels of SAA and CRP in plasma, as per 
manufacturer’s instructions (MSD, Gaithersburg, MD). Plasma samples 

were diluted 1:2000, and analyte concentrations were determined using an 
electrochemiluminescence detection system using multi-array technology 
(SECTOR Imager 2400, Meso Scale Discovery) [25].

NP levels in plasma were measured using a commercial ELISA 
kit, as per manufacturer’s instructions (Brahms Gmbh, Hennigsdorf, 
Germany). Samples were diluted 1:4.

WBC count was determined using four-color flow cytometry on a 
FACSCalibur using CellQuest Software (BD Biosciences) [26]. 

All analytes were measured in duplicates (CV < 15%). Marker 
concentrations in the two different cohorts were normalized according 
to the median concentrations in each population set [27]. 

Statistical data analysis
Statistical analyses were performed using SPSS software (version 

21, SPSS Inc., Chicago, IL). As the levels of the different analytes 
were not normally distributed, Mann-Whitney U-test was used for 
statistical comparisons between two unpaired groups. Fisher’s exact 
test and the Chi-squared test were used to assess whether the patients 
with and without infection were significantly different according to 
their gender, WFNS score, GCS, modified Fisher score, and outcome.

All statistical tests were bilateral, and a p-value  <0.05 was 
considered statistically significant. 

At hospital admission, receiver operating characteristic (ROC) 
curves were calculated for SAA, CRP, NP, and WBC as well as for the 
clinical parameters (GCS, WFNS, Fisher, and age). For each marker the 
SP value was restricted to 90-100% and the cut-off value was selected, 
in order to correctly classify 9 out of 10 patients that will not develop 
an infection. The pROC package for S+ (version 8.1., TIBCO Software 
Inc.) was used to calculate the values of areas under the partial area 
under the curve (AUC), specificity (SP), sensitivity (SE), and 95% 
confidence intervals (95% CI) [28]. 

 104 Patient set 

 Infection (N=69) No infection (N=35) P¹

Gender 0.339
Male n (%) 22 (21.2%) 9 (8.7%)  

Female n (%) 47 (45.2%) 26 (25%)  
Age (years)  0.479

Average (± SD) 52.2 (± 12.4) 50.4 (± 12.1)  
WFNS score  ≤ 0.001

1,2 n (%) 30 (28.8%) 28 (26.9%)  
3,4,5 n (%) 39 (37.5%) 7 (6.7%)  

Glasgow Coma Scale ≤ 0.001
< 9 n (%) 27 (26%) 2 (1.9%)  

9-12 n (%) 9 (8.7%) 2 (1.9%)  
≥ 13 n (%) 33 (31.7%) 31 (29.8%)  

Modified Fisher Score ≤ 0.001
0,1 n (%) 2 (1.9%) 11 (10.6%)  

2,3,4 n (%) 67 (64.4%) 24 (23.1%)  
Treatment 0.278

Surgery n (%) 8 (7.7%) 6 (5.8%)  
Embolisation n (%) 57 (54.8%) 29 (27.9%)  
No treatment n (%) - 4 (3.8%)  

GOS 1 year 0.007
Good n (%) 31  (29.8%) 23 (22.1%)  
Poor n (%) 26 (25%) 4 (3.8%)  

Table 1. Demographic characteristics of the population studied, comparing the presence or 
absence of infection during hospitalization.

http://www.charite.de/en/charite/
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Panel development
Panel selection was performed using the PanelomiX tool, as 

previously described [15]. Briefly, the optimized cut-off values were 
obtained by modified iterative permutation-response calculations 
(rule-induction-like, RIL) using all the individual parameters, the 
different analytes (SAA, CRP, NP, WBC) as well as the different 
clinical parameters (GCS, WFNS, Fisher, age). The cut-off values of 
each molecule or clinical parameter were changed iteratively by 2% 
increment quantiles. After each iteration the SE value was calculated 
using an SP value set between 90%–100%. The panel size was limited to 
a maximum of four parameters

Results
The demographic characteristics of the 104 patients included in the 

study are shown in Table 1. Most of the patients suffering from aSAH 
were women, however, the development of infection was unaffected 
by either gender or age. Neurological status at hospital admission and 
the severity of the hemorrhage were important factors affecting the 
development of the infection. More than 80% of patients with a poor 
neurological status and severe hemorrhage developed an infection 
during their hospital stay. Finally, there was a significant difference in 
patient outcome at one year between those patients’ who had developed 
an infection and those who had not (Table 1).

Infection prediction according to blood biomarker 
concentrations and clinical parameters

In order to evaluate how effectively different blood biomarkers at 
hospital admission could predict which patients would later develop 
an infection, we measured the concentrations of SAA, CRP, NP, and 
WBC in the cohort.

As shown in Table 2, SAA, CRP, and WBC were significantly 
able to discriminate between patients who did and did not develop an 
infection. NP was the only biomarker unable to make this distinction 
at hospital admission. 

AUC analyses were also performed on these four biomarkers 
(SAA, CRP, NP, and WBC) as well as on different clinical parameters 
(GCS, WFNS, Fisher, and age) in order to evaluate their accuracy in 
discriminating between patients with or without infection development. 

SAA was the biomarker with the highest accuracy to differentiate 
between the groups of patients who did and did not develop an 
infection, reaching a SE value of 26.9% (95% CI, 15.9–38.1) for a SP 
value of 96.9 (95% CI, 90.6-100). The WFNS was the most effective 
clinical parameter, with SP values of 97.1 (95% CI, 91.4-100) and SE 
values of 31.9% (95% CI, 20.3-43.5) (Table 3). When the ROC analyses 
were performed on these molecules and clinical parameters to calculate 
the best combination of SP and SE, same results were found; SAA and 
WFNS were the two most accurate parameters (Supplementary table1). 

Panel selection
To try to improve the accuracy for the prediction of infection, we 

assessed the possibility of combining all the parameters into panels. 
In order to select the most promising parameters for inclusion in 
the panel, we tested all the possible combinations of biomarkers. 
The iterative permutation-response approach used identified a four-
parameter panel including SAA (cut-off: ≥ 427.4 µg/mL), WBC (cut-off: 
≥ 13.7), WFNS score (cut-off: >3) and age (cut-off: ≥ 59). An accurate 
prediction was obtained when at least two of the four parameters 
were above the cut-off threshold value. The panel exhibited an SE of 

64.3% (95% CI, 50–78.6) for an SP value of 100% (95% CI, 100–100) 
(Figure 1). This results in a significant increase in SE when compared 
to the best single biomarker (SAA) (p=0.003) and with the best clinical 
parameter (WFNS) (p=0.004), providing a significant improvement 
in the capacity to discriminate between patients who will and will not 
develop an infection. 

Discussion
This prospective study involved 104 patients from two different 

cohorts. To the best of our knowledge, it is the first to have shown 
that, for aSAH patients, a predictive test panel comprising clinical 
parameters and biomarkers measured at hospital admission can 
significantly improve the prediction of infection compared to the use 
of single clinical parameters.

The early classification of patients at a higher risk of infection can 
be essential to improve the management of aSAH patients and their 
associated outcomes [29,30]. We therefore combined aSAH clinical 
parameters with known blood diagnostic biomarkers of infection (SAA, 
CRP, NP, and WBC) in order to find the most effective combination to 
predict the infection. The combination of SAA, WBC, WFNS, and age 
showed 100% SP (95% CI, 100–100) and 64.3% SE (95% CI, 50–78.6); 
interestingly all four parameters included in this panel had already 
been described individually as markers of infection [12,29,31,32].

The WFNS score, for instance, has been previously proposed as 
the most significant risk factor and predictor of infection in aSAH 
patients [1,31,33]. In line with these results, we showed that patients 
with high WFNS scores were more susceptible to developing an 
infection than patients with good neurological status (p ≤ 0.001). This 

104-Patient set

 Infection (n = 69) No infection (n = 35) P
SAA (µg/mL) 181.03 (0-837.2) 46.42 (1.28-509.55) ≤ 0.001
CRP (µg/mL) 69.97 (0-362.95) 34.25 (0.77-217.2) 0.001

NP (nM) 10.1 (6.02-66.25)) 9.5 (4.81-21.67) 0.157
WBC (million/mm3) 13.1 (4.54-24.8) 11.62 (4.3-27.03) 0.015

Table 2. SAA, CRP, NP, and WBC median concentrations at hospital admission according 
to the presence or absence of infection.

Figure 1. ROC curve of SAA, WBC, WFNS, and age test panel for the discrimination 
between infected and non-infected patients at hospital admission. 
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Analytes

SAA (µg/mL) 2.55 (1.44-5.29) 1021.42 96.9 (90.6 - 100) 26.56 (15.63 - 37.5)
CRP (µg/mL) 1.81 (0.79-4.17) 176.78 96.9 (90.6 - 100) 19.05 (9.52 - 28.57)

NP (nM) 1.06 (0.23-2.73) 14.59 97.14 (88.6 - 100) 10.14 (4.35 - 17.39)
WBC (million/mm3) 0.76 (0-4.61) Inf 100 (100 - 100) 0

Clinical Parameters

GCS 2.95 (0.79-5.46) 6.5 97.14 (91.43 - 100) 31.88 (20.29 - 43.48)
WFNS 3.38 (1.62-5.6) 4.5 97.14 (91.43 - 100) 31.88 (21.74 - 43.48)
Fisher 2.46 (1.67-3.79) 4.5 100 (100 - 100) 14.49 (7.24 - 23.19)
Age 0.52 (0.04-2.17) 80 100 (100 - 100) 1.44 (0 - 4.35)

Table 3. Results of the ROC analysis assessing the capacity of different biomarkers and 
clinical parameters to differentiate between patients who did and did not develop an 
infection. The partial AUC, threshold, and SE correspond to SP set at 90%–100%.

could be explained by the fact that ICU patients usually requiring 
more invasive procedures (mechanical ventilation, urinary and venous 
catheterization), are more likely to develop nosocomial infections. 
More importantly, these patients with high values of WFNS present 
a long suppression of the cellular immune response and an impaired 
pro-inflammatory response that increases the susceptibility of infection 
development [34]. 

It has also been suggested that patients’ age correlates with the 
presence of pneumonia [5,17,29]. In the present cohort, all the different 
types of infection (pneumonia, UTI) were evaluated together, and it was 
not possible to determine the specific impact of pneumonia infections. 
Nevertheless, the mean age of patients’ developing a nosocomial 
infection was higher than the age of those who did not, suggesting a 
positive trend toward the development of infections. 

In addition to these two risk factors, the WBC count was also 
considered in panel generation. In aSAH patients the number of 
leukocytes have been correlated with the volume of the hemorrhage; 
being the patients with higher lesion and with higher levels of WBC, 
the patients with more complications and consequently with poorer 
outcome [32,35]. In the present study we found that, at hospital 
admission, patients who developed an infection had significantly 
higher levels of WBC than patients who did not. This reinforces the 
hypothesis that patients with poor neurological state at admission are 
susceptible to develop an infection.

The last parameter included in the panel was SAA—an acute phase 
inflammatory protein. This blood biomarker is of increasing interest due 
to its usefulness in monitoring and diagnosing a number of infections 
[36]. In neutropenic patients with acute leukemia, for example, SAA 
enabled a differentiation between infectious and non-infectious febrile 
episodes [37]. In children with a variety of viral infections, SAA 
concentrations increased during the acute phase of infection [38]. In 
a small number of aSAH patients it has also been already proposed as 
an infection marker [12]. In agreement with this, in the present study 
we have found that, at admission, SAA concentrations in patients who 
develop an infection were significantly higher than those who did not. 

CRP and NP were the other two markers proposed as interesting 
infection predictors. Nevertheless, their accuracy to distinguish 
between the two groups of patients was not promising enough to be 
included in the panel.

CRP is close to SAA in terms of chemical properties; thus, their 
concentration levels usually follow the same trend across infectious 
diseases [39-41]. Accordingly, the present study found that, at hospital 
admission, CRP concentrations in patients developing an infection 
were significantly higher than in those who did not. Nevertheless, SAA 
was more accurate thus a more promising biomarker.  

On the other hand, NP - a metabolite produced by monocytes/
macrophages [42,43] - was initially described as an prognostic 
outcome biomarker for aSAH [44]. In a previous study, we showed 
also that NP correlates with the progression of infection from three 
days after hospitalization [14]. Nevertheless, present results showed 
that this discrimination capacity was not effective at the admission to 
the hospital, making from SAA an earlier and most accurate infection 
marker than NP. 

This study showed that combining measurements of SAA, WBC, 
WFNS, and age significantly improved accuracy over the use of 
single markers or clinical parameters for the prediction of infection 
development in aSAH patients. Using the proposed test panel at least 
six out of ten patients who will develop an infection around five days 
following an aSAH event could be detected at hospital admission. The 
potential biochemical pathways occurring after a hemorrhagic event 
(leukocyte activation, coagulation systems, and complement systems, 
among others) are too variable and complex to be reflected by any one 
marker or clinical parameter. Therefore, the combination of biomarkers 
is more likely to correctly reflect this complex condition. 

The panel here described has the potential to be translated, in the 
future, into an easy to use and interpret clinical tool. However, there 
are several issues which must be addressed before this important step. 

Firstly, our results should be validated on other multicenter cohorts 
including a larger number of patients to obtain a robust confirmation 
of the data here presented. 

The panel cut-off concentrations here established should be 
applied in a prospective study in order to confirm the accuracy 
of the test. Finally, in an effort to reduce the number of episodes of 
bacterial resistance, antibiotherapy should be reassessed daily; levels 
of biomarkers below which an infection is considered to be finished 
should be determined at the different times of hospitalization. 

If all of these limitations can be properly addressed, then the 
prognostic panel presented here could be introduced into clinical 
practice as a promising tool to improve patient outcomes.   

Conclusions
This two-center study showed that the combination of SAA, 

WBC, WFNS, and age at hospital admission significantly improved 
the accuracy of single parameters for the prediction of the infection 
development in aSAH patients. These promising results could 
ameliorate the management of patients presenting with aSAH in ICUs 
and their associated outcomes. 

Conflict of interest
The authors declare no financial or other conflicts of interest 

related to this publication 

Acknowledgments 
The authors thank Catherine Fouda and Nadia Walter, as well as the 

nurses at the Pitié-Salpêtrière Hospital and Charité Universitatsmedizin 
Hospital for their remarkable technical work and sample collection.  
Sample collection was funded by the Clinical Research Unit of Paris’ 
public hospital network. This work was also supported by the Pierre 
Mercier Foundation for Science.

References
1. Frontera JA, Fernandez A, Schmidt JM, Claassen J, Wartenberg KE, et al. (2008) 

Impact of nosocomial infectious complications after subarachnoid hemorrhage. 
Neurosurgery 62: 80-87. [Crossref]

https://www.ncbi.nlm.nih.gov/pubmed/18300894


Azurmendi L (2017) Infection prediction for aneurysmal subarachnoid hemorrhage patients at hospital admission: combined panel of serum amyloid A and 
clinical parameters

J Transl Sci, 2017         doi: 10.15761/JTS.1000185  Volume 3(3): 5-5

23. Jennett B, Bond M (1975) Assessment of outcome after severe brain damage. Lancet 
1: 480-484. [Crossref]

24. Calandra T, Cohen J (2005) The international sepsis forum consensus conference 
on definitions of infection in the intensive care unit. Crit Care Med 33: 1538-1548. 
[Crossref]

25. van Bussel BCT, Henry RMA, Schalkwijk CG, Ferreira I, Feskens EJM, et al. (2011) 
Fish Consumption in Healthy Adults Is Associated with Decreased Circulating 
Biomarkers of Endothelial Dysfunction and Inflammation during a 6-Year Follow-Up. 
The Journal of Nutrition 141: 1719-1725. [Crossref]

26. Klehmet J, Harms H, Richter M, Prass K, Volk HD, et al. (2009) Stroke-induced 
immunodepression and post-stroke infections: lessons from the preventive antibacterial 
therapy in stroke trial. Neuroscience 158: 1184-1193. [Crossref]

27. Yang YH, Dudoit S, Luu P, Lin DM, Peng V, et al. (2002) Normalization for cDNA 
microarray data: a robust composite method addressing single and multiple slide 
systematic variation. Nucleic Acids Research 30: e15. [Crossref]

28. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, et al. (2011) pROC: an open-source 
package for R and S+ to analyze and compare ROC curves. BMC Bioinformatics 12: 
77. [Crossref]

29. Harms H, Grittner U, Dröge H, Meisel A (2013) Predicting post-stroke pneumonia: the 
PANTHERIS score. Acta Neurol Scand 128: 178-184. [Crossref]

30. Grabska K, Gromadzka G, Czlonkowska A (2011) Infections and ischemic stroke 
outcome. Neurol Res Int 2011: 691348. [Crossref]

31. Savardekar A, Gyurmey T, Agarwal R, Podder S, Mohindra S, et al. (2013) Incidence, 
risk factors, and outcome of postoperative pneumonia after microsurgical clipping of 
ruptured intracranial aneurysms. Surg Neurol Int 4: 24. [Crossref]

32. Parkinson D, Stephensen S (1984) Leukocytosis and subarachnoid hemorrhage. Surg 
Neurol 21: 132-134. [Crossref]

33. Cinotti R, Dordonnat-Moynard A, Feuillet F, Roquilly A, Rondeau N, et al. (2014) 
Risk factors and pathogens involved in early ventilator-acquired pneumonia in patients 
with severe subarachnoid hemorrhage. Eur J Clin Microbiol Infect Dis 33: 823-830. 
[Crossref]

34. Sarrafzadeh A, Schlenk F, Meisel A, Dreier J, Vajkoczy P, et al. (2011) 
Immunodepression after aneurysmal subarachnoid hemorrhage. Stroke 42: 53-58. 
[Crossref]

35. Maiuri F, Gallicchio B, Donati P, Carandente M (1987) The blood leukocyte count and 
its prognostic significance in subarachnoid hemorrhage. J Neurosurg Sci 31: 45-48. 
[Crossref]

36. Urieli-Shoval S, Linke RP, Matzner Y (2000) Expression and function of serum 
amyloid A, a major acute-phase protein, in normal and disease states. Curr Opin 
Hematol 7: 64-69. [Crossref]

37. Casl MT, Rogina B, Glojnaric-Spasic I, Minigo H, Planinc-Peraica A, et al. (1994) 
The differential diagnostic capacity of serum amyloid A protein between infectious 
and non-infectious febrile episodes of neutropenic patients with acute leukemia. Leuk 
Res 18: 665-670 

38. Miwata H1, Yamada T, Okada M, Kudo T, Kimura H, et al. (1993) Serum amyloid A 
protein in acute viral infections. Arch Dis Child 68: 210-214. [Crossref]

39. Nakayama T, Sonoda S, Urano T, Yamada T, Okada M (1993) Monitoring both 
serum amyloid protein A and C-reactive protein as inflammatory markers in infectious 
diseases. Clinical Chemistry 39: 293-297. [Crossref]

40. Lannergard A, Larsson A, Kragsbjerg P, Friman G (2003) Correlations between serum 
amyloid A protein and C-reactive protein in infectious diseases. Scand J Clin Lab 
Invest 63: 267-272. [Crossref]

41. Du Clos TW (2000) Function of C-reactive protein. Ann Med 32: 274-278. [Crossref]

42. Berdowska A, Zwirska-Korczala K (2001) Neopterin measurement in clinical 
diagnosis. J Clin Pharm Ther 26: 319-329. [Crossref]

43. Murr C, Widner B, Wirleitner B, Fuchs D (2002) Neopterin as a marker for immune 
system activation. Curr Drug Metab 3: 175-187. [Crossref]

44. Mathiesen T, Fuchs D, Wachter H, von Holst H (1990) Increased CSF neopterin levels 
in subarachnoid hemorrhage. J Neurosurg 73: 69-71. [Crossref]

2. Hilker R, Poetter C, Findeisen N, Sobesky J, Jacobs A, et al. (2003) Nosocomial 
Pneumonia After Acute Stroke: Implications for Neurological Intensive Care Medicine. 
Stroke 34: 975-981. [Crossref]

3. Citerio G, Gaini SM, Tomei G, Stocchetti N, (2007) Management of 350 aneurysmal 
subarachnoid hemorrhages in 22 Italian neurosurgical centers. Intensive Care Med 33: 
1580-1586. [Crossref]

4. Douds GL, Tadzong B, Agarwal AD, Krishnamurthy S, Lehman EB, et al. (2012) 
Influence of Fever and Hospital-Acquired Infection on the Incidence of Delayed 
Neurological Deficit and Poor Outcome after Aneurysmal Subarachnoid Hemorrhage. 
Neurol Res Int 2012: 6.

5. Laban KG, Rinkel GJE, Vergouwen MDI (2015) Nosocomial infections after 
aneurysmal subarachnoid hemorrhage: time course and causative pathogens. Int J 
Stroke 10: 763-766. [Crossref]

6. Ulm L, Ohlraun S, Harms H, Hoffmann S, Klehmet J, et al.  (2013) STRoke Adverse 
outcome is associated WIth NoSocomial Infections (STRAWINSKI): procalcitonin 
ultrasensitive-guided antibacterial therapy in severe ischaemic stroke patients - rationale 
and protocol for a randomized controlled trial. Int J Stroke 8: 598-603. [Crossref]

7. Harms H, Prass K, Meisel C, Klehmet J, Rogge W, et al. (2008) Preventive Antibacterial 
Therapy in Acute Ischemic Stroke: A Randomized Controlled Trial. PloS one 3: e2158. 
[Crossref]

8. Mayeux R (2004) Biomarkers: Potential Uses and Limitations. NeuroRx 1: 182–188.
[Crossref]

9. Hong CM, Tosun C, Kurland DB, Gerzanich V, Schreibman D, et al. (2014) Biomarkers 
as outcome predictors in subarachnoid hemorrhage--a systematic review. Biomarkers 
19: 95-108. [Crossref]

10. Fluri F, Morgenthaler NG, Mueller B, Christ-Crain M, Katan M (2012) Copeptin, 
procalcitonin and routine inflammatory markers-predictors of infection after stroke. 
PLoS One 7: e48309. [Crossref]

11. Rallidis LS, Vikelis M, Panagiotakos DB, Rizos I, Zolindaki MG, et al. (2006) 
Inflammatory markers and in-hospital mortality in acute ischaemic stroke. 
Atherosclerosis 189: 193-197. [Crossref]

12. Azurmendi L, Degos V, Tiberti N, Kapandji N, Sanchez P, et al. (2015) Measuring 
Serum Amyloid A for Infection Prediction in Aneurysmal Subarachnoid Hemorrhage. 
J Proteome Res 14: 3948-3956. [Crossref]

13. Azurmendi L, Degos V, Tiberti N, Kapandji N, Sanchez P, et al. (2015) Neopterin 
plasma levels correlate with infection and long-term outcome in aneurysmal 
subarachnoid haemorrhage. J Neurosurg 124:1287-1299. [Crossref]

14. Azurmendi L, Degos V, Tiberti N, Kapandji N, Sanchez-Pena P, et al. (2015) Neopterin 
plasma concentrations in patients with aneurysmal subarachnoid hemorrhage: 
correlation with infection and long-term outcome. J Neurosurg 124: 1287-1299. 
[Crossref]

15. Robin X, Turck N, Hainard A, Tiberti N, Lisacek F, et al. (2013) PanelomiX: A 
threshold-based algorithm to create panels of biomarkers. Translational Proteomics 
1: 57-64. 

16. Turck N, Vutskits L, Sanchez-Pena P, Robin X, Hainard A, et al.  (2010) A 
multiparameter panel method for outcome prediction following aneurysmal 
subarachnoid hemorrhage. Intensive Care Med 36: 107-115. [Crossref]

17. Hoffmann S, Malzahn U, Harms H, Koennecke HC, Berger K, et al. (2012) Development 
of a clinical score (A2DS2) to predict pneumonia in acute ischemic stroke. Stroke 43: 
2617-2623. [Crossref]

18. Li Y, Song B, Fang H, Gao Y, Zhao L, et al. (2014) External validation of the A2DS2 
score to predict stroke-associated pneumonia in a Chinese population: a prospective 
cohort study. PLoS One 9: e109665. [Crossref]

19. Albrich WC, Harbarth S (2015) Pros and cons of using biomarkers versus clinical 
decisions in start and stop decisions for antibiotics in the critical care setting. Intensive 
Care Med 41: 1739-1751. [Crossref]

20. Teasdale GM, Drake CG, Hunt W, Kassell N, Sano K, et al. (1988) A universal 
subarachnoid hemorrhage scale: report of a committee of the World Federation of 
Neurosurgical Societies. J Neurol Neurosurg Psychiatry 51: 1457. [Crossref]

21. Teasdale G, Murray G, Parker L, Jennett B (1979) Adding up the Glasgow Coma 
Score. Acta Neurochir Suppl (Wien) 28: 13-16. [Crossref]

22. Claassen J, Bernardini GL, Kreiter K, Bates J, Du YE, et al. (2001) Effect of Cisternal 
and Ventricular Blood on Risk of Delayed Cerebral Ischemia After Subarachnoid 
Hemorrhage:: The Fisher Scale Revisited. Stroke 32: 2012-2020. [Crossref]

Copyright: ©2017 Azurmendi L. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the 
original author and source are credited.

http://www.ncbi.nlm.nih.gov/pubmed/46957
https://www.ncbi.nlm.nih.gov/pubmed/16003060
https://www.ncbi.nlm.nih.gov/pubmed/21753064
https://www.ncbi.nlm.nih.gov/pubmed/18722511
https://www.ncbi.nlm.nih.gov/pubmed/11842121
http://www.ncbi.nlm.nih.gov/pubmed/21414208
http://www.ncbi.nlm.nih.gov/pubmed/23461541
http://www.ncbi.nlm.nih.gov/pubmed/21766026
https://www.ncbi.nlm.nih.gov/pubmed/23532567
http://www.ncbi.nlm.nih.gov/pubmed/6701748
https://www.ncbi.nlm.nih.gov/pubmed/24322991
https://www.ncbi.nlm.nih.gov/pubmed/21088239
https://www.ncbi.nlm.nih.gov/pubmed/3668657
https://www.ncbi.nlm.nih.gov/pubmed/10608507
http://www.ncbi.nlm.nih.gov/pubmed/8481043
https://www.ncbi.nlm.nih.gov/pubmed/8381732
https://www.ncbi.nlm.nih.gov/pubmed/12940634
http://www.ncbi.nlm.nih.gov/pubmed/10852144
http://www.ncbi.nlm.nih.gov/pubmed/11679022
http://www.ncbi.nlm.nih.gov/pubmed/12003349
http://www.ncbi.nlm.nih.gov/pubmed/2352025
https://www.ncbi.nlm.nih.gov/pubmed/12637700
https://www.ncbi.nlm.nih.gov/pubmed/17541545
https://www.ncbi.nlm.nih.gov/pubmed/25900178
https://www.ncbi.nlm.nih.gov/pubmed/22925000
https://www.ncbi.nlm.nih.gov/pubmed/18478129
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC534923/
http://www.ncbi.nlm.nih.gov/pubmed/24499240
http://www.ncbi.nlm.nih.gov/pubmed/23118979
https://www.ncbi.nlm.nih.gov/pubmed/16388807
https://www.ncbi.nlm.nih.gov/pubmed/26198378
https://www.ncbi.nlm.nih.gov/pubmed/26406798
https://www.ncbi.nlm.nih.gov/pubmed/26406798
https://www.ncbi.nlm.nih.gov/pubmed/19760205
https://www.ncbi.nlm.nih.gov/pubmed/22798325
https://www.ncbi.nlm.nih.gov/pubmed/25299226
https://www.ncbi.nlm.nih.gov/pubmed/26194026
https://www.ncbi.nlm.nih.gov/pubmed/3236024
http://www.ncbi.nlm.nih.gov/pubmed/290137
https://www.ncbi.nlm.nih.gov/pubmed/11546890


 



Chapter VII : Discussion, perspectives and conclusions 
 
 

101 
 

Chapter VI 

 

 

 

 

 

 

 

Proteomic discovery and verification of Serum Amyloid A, a 

predictor marker of patients at risk of post-stroke infection: 

a pilot study  

Chapter VI : Proteomic discovery and verification of Serum Amyloid A, a 
predictor marker of patients at risk of post-stroke infection: a pilot study  

 

 

 

  



Chapter VII : Discussion, perspectives and conclusions 
 
 

102 
 

Proteomic discovery and verification of Serum Amyloid A, a 

predictor marker of patients at risk of post-stroke infection: 

a pilot study  

Azurmendi L*, Lapierre-Fetaud V.*, Schneider J., Montaner J., *Katan M., *Sanchez JC 

In this chapter of the thesis, we have continued with our objective of finding a promising 

infection marker, however in this case instead of using aSAH patients, we have used a cohort of 

ischemic stroke patients. Similarly as reported in the chapter IV, we used proteomic quantitative 

analysis in infected and non-infected patients using a TMT-10plex to discover potential 

biomarkers. Among all the quantified proteins, the only significantly regulated one, SAA, was 

selected for further verification. The acute phase concentrations of this protein were evaluated 

using ELISA immunoassays in 44 additional patients. 

These results confirmed that SAA could be a promising infection marker in patients with stroke, 

as its levels have shown to be elevated not only in patients suffering from aSAH but also from 

ischemic stroke.    

This article has been published in Clinical proteomics in 2017. My contribution consisted in 

analyzing the data and writing the article.  
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Proteomic discovery and verification 
of serum amyloid A as a predictor marker 
of patients at risk of post-stroke infection: a pilot 
study
L. Azurmendi1†, V. Lapierre-Fetaud1†, J. Schneider2, J. Montaner3, M. Katan2† and Jean-Charles Sanchez1*†

Abstract 
Background: Post-stroke infections occur in 20–36% of stroke patients and are associated with high morbidity and 
mortality rates. Early identification of patients at risk of developing an infection could improve care via an earlier treat-
ment leading to a better outcome. We used proteomic tools in order to discover biomarkers able to stratify patients at 
risk of post-stroke infection.

Methods: The post hoc analysis of a prospective cohort study including 40 ischemic stroke patients included 21 
infected and 19 non-infected participants. A quantitative, isobaric labeling, proteomic strategy was applied to the 
plasma samples of 5 infected and 5 non-infected patients in order to highlight any significantly modulated proteins. 
A parallel reaction monitoring (PRM) assay was applied to 20 additional patients (10 infected and 10 non-infected) to 
verify discovery results. The most promising protein was pre-validated using an ELISA immunoassay on 40 patients 
and at different time points after stroke onset.

Results: Tandem mass analysis identified 266 proteins, of which only serum amyloid A (SAA1/2) was significantly 
(p = 0.007) regulated between the two groups of patients. This acute-phase protein appeared to be 2.2 times more 
abundant in infected patients than in non-infected ones. These results were verified and validated using PRM and 
ELISA immunoassays, which showed that infected patients had significantly higher concentrations of SAA1/2 than 
non-infected patients at hospital admission, but also at 1, 3, and 5 days after admission.

Conclusions: The present study demonstrated that SAA1/2 is a promising predictor, at hospital admission, of stroke 
patients at risk of developing an infection. Further large, multicenter validation studies are needed to confirm these 
results. If confirmed, SAA1/2 concentrations could be used to identify the patients most at risk of post-stroke infec-
tions and therefore implement treatments more rapidly, thus reducing mortality.

© The Author(s) 2017. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.

Background
Stroke is a serious medical condition produced by brain 
cell death. It occurs when there is a lack of blood flow 
to the brain (~80% of cases) or a hemorrhage affecting 
the brain or its surroundings (20%). Every year, around 

15 million people will suffer a stroke, leading to 6 million 
deaths and 5 million disabled patients [1–3]. Around 40% 
of patients die within the first weeks following the stroke 
[4, 5]. Non-modifiable factors, such as the severity of the 
stroke or the age of the patient, are highly correlated with 
mortality [6, 7]. However, one-third of deaths result from 
potentially preventable stroke-associated complications. 
Nosocomial infection, particularly bacterial pneumonia, is 
the most common complication after stroke, with an inci-
dence of 5–22% [8–10]. Despite the intensive care given 
to these patients, infection rates remain elevated and are 
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associated with bad functional outcome and mortality [11]. 
The high incidence of infection is likely to be a result of an 
impaired immune function. The patient’s reduced ability 
combat bacteria is a consequence of the initial brain dam-
age [12, 13]. Therefore, the early identification of patients 
who might be prone to developing an infection after stroke 
is a necessary step towards better hospital management, 
more rapid implementation of treatments, and improved 
long-term patient outcomes [13, 14].

In clinical practice, the diagnosis of post-stroke infec-
tion is a challenging one as there has been no satisfactory 
concordance between different studies. The most widely 
studied markers of post-stroke infection—procalcitonin 
(PCT), C-reactive protein (CRP), and white blood cells 
(WBC)—have only shown moderate predictive value, 
and their levels do not increase early enough to be of help 
before the infection is clinically apparent [15, 16]. Clinical 
signs such as older age, fever, severe stroke, or dysphagia, 
among others, have been linked to post-stroke associ-
ated pneumonia [17]. Nevertheless, they are not specific 
enough to act as individual markers. Using a combination 
of these markers with clinical scales such as the A2DS2, 
AIS-APS, and ISAN [17–19] have not been applied rou-
tinely in clinical practice. The gold standard for diagnos-
ing an infection is the result from a bacterial culture, yet 
this may take 2 days. All of these reasons can lead to anti-
biotic treatment being started too late, with the unfortu-
nate associated consequences. There is thus evidence of a 
need for a reliable early biomarker [20].

The present study aimed to use proteomic approaches 
to find a biomarker that could be tested for at hospital 
admission in order to identify patients at risk of develop-
ing a post-stroke infection. To do this, we investigated the 
plasma proteomes of infected and non-infected patients, 
using isobaric labeling methods. After selecting SAA1/2 
as the most promising protein, parallel reaction monitor-
ing (PRM) and the enzyme-linked immunosorbent assays 
(ELISA) confirmed its ability to predict which patients 
were at risk of infection after a stroke.

Methods
Study design and setting
We performed a post hoc analysis of a prospective cohort 
study which included 40 ischemic stroke patients (Clini-
calTrials.gov.NCT00390962) who had been hospitalized 
consecutively at the University Hospital of Basel (Swit-
zerland) between November 2006 and November 2007. 
The study protocol was conducted according to the prin-
ciples expressed in the Declaration of Helsinki and with 
the approval of the local ethics committee. Before enrol-
ment, informed consent was obtained from patients, 
their relatives, or their legal guardians.

Clinical protocol
Comprehensive information on the assessment of the 
study participants’ demographic and vascular risk fac-
tors has been published previously [15]. Briefly, ischemic 
stroke was defined according to the World Health Organ-
ization criteria [21]. A detailed history was obtained for 
vascular risk factors, vital signs, and relevant comorbidi-
ties as assessed using the Charlson Comorbidity Index 
(CCI) medication taken prior to the stroke. Neurological 
deficits were estimated using the National Institutes of 
Health Stroke Scale (NIHSS). Patients underwent the fol-
lowing standardized diagnostic workup: brain computer 
tomography (CT) and/or magnetic resonance imaging, 
long-term electrocardiography, echocardiography, and 
neurosonographic imaging of the extracranial and intrac-
ranial arteries. Stroke etiology was determined according 
to the TOAST (Trial of Org 10172 in Acute Stroke Treat-
ment) classification criteria, which distinguish large-
artery arteriosclerosis, cardio embolism, small-artery 
occlusion, other etiologies, and undetermined etiologies 
[22].

Definition of stroke-associated Infections
Stroke-associated infection (SAI) was defined as any 
infection occurring within the first 5  days after hospi-
tal admission [13]. Infections were diagnosed according 
to the U.S. Centers for Disease Control and Prevention 
(CDC) criteria [15]. We distinguished between pneumo-
nia, urinary tract infection (UTI), and other infections 
(OI). Pneumonia was diagnosed when at least one symp-
tom from each of the two following symptom groups was 
present: (1) abnormal respiratory examination, pulmo-
nary infiltrates in chest X-rays; (2) productive cough with 
purulent sputum, positive microbiological cultures from 
the lower respiratory tract or blood cultures.

Diagnosis of a UTI required two of the following cri-
teria to be met: fever (≥38.0  °C), urine sample positive 
for nitrite, leukocyturia (≥40/µL), or significant bacte-
riuria (≥104/mL of an uropathogen). OI were diagnosed 
if white blood cell count was ≥11,000/mL and CRP was 
≥10 mg/L or temperature was ≥38.0 °C and an infectious 
manifestation was present. The treating physician made 
the diagnosis of pneumonia during hospitalization. This 
was then validated post hoc using charts.

The time point of diagnosis was taken to be the begin-
ning of clinical symptoms which led to the diagnostic 
workup and resulted in the diagnosis of infection. In 
order to exclude any acute infections that had preceded 
the stroke, patients with an admission temperature 
>38 °C, reporting an infection lasting up to 3 days before 
the onset of stroke, or who required mechanical intuba-
tion were not included in the study.
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Blood sample collection
Blood samples were collected from venous blood punc-
ture within the first 72  h following symptom onset and 
then 1, 3, and 5 days after admission. Blood was centri-
fuged for 30  min at 3000×g, collected in EDTA, tubes 
and stored at −80 °C.

Proteomic study
Quantitative proteomic analysis: TMT
Quantitative proteomic analyses were performed on five 
infected and five non-infected patients at hospital admis-
sion. The aim was to identify significantly regulated pro-
teins between the two groups in order to find a promising 
infection marker.

Reduction, alkylation, digestion, and TMT labeling The 
quantitative proteomic experiment used 1  µL of each 
plasma sample. These amounts were dried and reconsti-
tuted in 16.6 µL of 6 M urea in tetraethylammonium bro-
mide (TEAB) 0.1 M. The proteins were reduced by adding 
1  µL of 50  mM tris-(2-carboxyethyl) phosphine hydro-
chloride (TCEP) to each sample, and they then reacted for 
1 h at 37  °C. After the sample had cooled to room tem-
perature, the alkylation step required mixing the solution 
with 1 µL of iodoacetamide 400 mM and storage at room 
temperature for 30  min. Sixty seven  µL of TEAB 0.1  M 
were added to reduce the concentration of urea to <2 M. 
The digestion was carried out overnight at 37  °C using 
1 µg of trypsin for each 20 µg of protein. The protocol is 
detailed by Dayon et al. [23, 24].

Subsequently, each digested plasma sample was labeled 
with one of the 10  TMT reagents (Thermo Fisher Sci-
entific, Waltham, USA). Infected patients’ samples were 
labeled with TMTs 127n, 128n, 129n, 130n, and 131n. 
Non-infected patients’ samples were labeled with TMTs 
126, 127c, 128c, 129c, and 130c. To calculate experimen-
tal error, 1 µg of β-lactoglobulin was spiked in each sam-
ple. All the samples were pooled, desalted using a C18 
Macro SpinColumn, and dried in a speed-vacuum.

Off-gel electrophoresis (OGE) OGE separation was car-
ried out using an Agilent 3100 Off-Gel fractionator, as per 
the manufacturer’s instructions. Previously dried sam-
ples were reconstituted using the OGE solution and then 
focused using an immobilized pH gradient (IPG) dry strip 
(13 cm, pH 3–10) [23]. After OGE, samples were desalted 
using a C18 Micro SpinColumn, dried in the speed-vac-
uum, and stored at −20 °C until analysis.

LC–MS/MS A Q-Exactive Plus mass spectrometer 
(ThermoFisher, San Jose, CA), coupled with nanoflow 
high-pressure liquid chromatography (HPLC), was used 
to analyze the OGE fractions, as previously described [25]. 

Briefly, peptides reconstituted using 5% CAN, 0.1% FA, 
were trapped in a 5 µm 200 Å Magic C18 AQ (Michrom) 
0.1 × 20 mm pre-column and separated in a 5 µm 100 Å 
Magic C18 AQ (Michrom) 0.75 × 150 mm column with 
a gravity-pulled emitter. Both columns were made in-
house. The analytical separation ran for 65  min using a 
gradient of  H2O/FA 99.9/0.1% (solvent A) and  CH3CN/
FA 99.9/0.1% (solvent B). The gradient ran at a flow rate 
of 220 nL/min as follows: 0–1 min 95% A and 5% B, then 
to 65% A and 35% B at 55 min, and 20% A and 80% B at 
65 min. For the MS survey scans, OT resolution was set 
to 60,000 and the ion population was set to 5 × 105 with 
an m/z window from 400 to 2000. A maximum of three 
precursors were selected for both collision-induced dis-
sociation (CID) in the LTQ and higher-energy collisional 
dissociation (HCD) with analysis in the OT. For MS/MS 
in the LTQ, the ion population was set to 7 × 103 (isola-
tion width of 2 m/z), whereas for MS/MS detection in the 
OT, it was set to 2 × 105 (isolation width of 2.5 m/z), with 
a resolution of 7500, a first mass at m/z = 100, and a maxi-
mum injection time of 750 ms. The normalized collisional 
energies were set to 35% for CID and 60% for HCD.

Protein identification MS data were processed using 
EasyProtConv. Peak lists were obtained using the 12 
OGE fractions and the combination of HCD-CID raw 
data peak lists were generated. Afterwards, these data 
were submitted to an EasyProt software platform (ver-
sion 2.3, build 718) that uses Phenyx software (GeneBio, 
Geneva, Switzerland) for protein identification. The 
protein search was made using the Uniprot/Swiss-Prot 
database (2014–10, 669903) [26], applying the follow-
ing search criteria: Homo  sapiens taxonomy, oxidized 
methionine (as the variable modification), and cysteine 
carbamethylation,  TMT10 lysine, and  TMT10 amino-ter-
minus (as the fixed modifications). Trypsin was selected 
as the proteolytic enzyme, allowing one missed cleavage. 
Parent-ion tolerance was set to 10 ppm and the accuracy 
of fragment ions to 0.6 Da. Only proteins with a less than 
1% false discovery rate (FDR) and at least two different 
unique peptides were selected for further analysis [27]. A 
minimum peptide length of 6 amino acids was used.

Protein quantification used the Isobar R package [28]. 
The manufacturer’s isotopic distribution data was used 
to correct the isotopic impurities of  TMT10 reporter-ion 
intensities. The equal median intensity method was used 
to normalize the reporter intensities. Peptides which 
did not present reporter intensities were not quantified. 
The infection/no infection ratio was calculated for each 
peptide, combining the reporter-ion intensities between 
infected patient channels (127n, 128n, 129n, 130n, and 
131n) and non-infected patient channels (126, 127c, 
128c, 129c, and 130c). To test the ratio’s accuracy and 
biological significance, technical and biological variability 
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were calculated for each protein ratio. A ratio p value and 
sample p value were calculated for each variable. Further-
more, only proteins with a cut-off threshold value higher 
than 1.5 or lower than 0.67 were considered [29–31].

SAA1/2 PRM analysis
Parallel reaction monitoring (PRM) analysis was per-
formed on ten infected and ten non-infected plasma 
samples using a Q-Exactive Plus mass spectrometer 
(ThermoFisher), as previously described [32]. The aim 
was to verify the discovery results.

Each sample was loaded into a PepMap precolumn 
(2  cm  ×  75  µm i.d., C18, 3  µm, and 100  Å pore size). 
Subsequent separation was performed in a PepMap col-
umn (50 cm × 75 µm i.d., C18, 2 µm, 100 Å pore size). A 
mixture of mobile A and B phases was used for peptide 
elution. The phase A solvent was composed of 0.1% (v/v) 
formic acid (Biosolve) and HPLC-grade water (Romil); 
the phase B solvent was composed of 0.1% (v/v) formic 
acid in HPLC-grade acetonitrile (Romil). To perform 
the separation, a linear gradient of 5–35% solvent B at 
250 nL/min for 60 min was set and it was followed by a 
washing step (35–90% of solvent B for 10 min).

Three masses were targeted (doubly and triply charged 
ions), corresponding to total SAA, but also specifically to 
SAA1 and SAA2. The selection of the different peptides 
was performed considering two different criteria: a previ-
ous SAA PRM study and the results of our quantitative 
proteomic analysis [32]. The three peptides selected in 
this way were tryptic peptides associated to each isoform.

This inclusion list triggered targeted scans at a resolv-
ing power of 70,000, with an isolation width of 1  Th 
around the m/z of interest, an AGC target of 1 × 106, a 
maximum injection time of 100  ms, and a normalized 
collision energy of 27% in a higher-energy c-trap disso-
ciation (HCD) cell.

Data analysis Data were analyzed using the targeted 
MS/MS feature available in Skyline v3.5 software [33]. 
In order to confirm the identity of the peptides, a data 
dependent acquisition spectral library of annotated refer-
ence MS/MS spectra was created from the two pools of 
plasma samples composed of infected and non-infected 
patients. Peptides were quantified by extracting the peak 
areas of accurate fragment ions (<6 ppm), and they were 
then integrated across the peptides’ elution profiles. For 
each peptide, transition peak areas were normalized by 
the average of the sum of the transition peak areas for all 
the peptides across the runs.

SAA1/2 ELISA measurement
The Vascular Injury Panel-I electrochemiluminescence 
(ECL) assay was used to determine the levels of SAA1/2 

in 40 stroke patients, as per the manufacturer’s instruc-
tions (Meso Scale Discovery, Gaithersburg, MD). Each 
plasma sample was diluted 1:1000 with using sample dil-
uent provided by the kit. An ECL detection system using 
multi-array technology (SECTOR Imager 2400, Meso 
Scale Discovery) was used to determine analyte concen-
trations. Samples were measured in a single detection.

Statistical analyses
Statistical analyses were carried out using SPSS software 
(v21, SPSS Inc., Chicago, IL). Analytes were not normally 
distributed, so the Mann–Whitney U-test was used to 
compare the two unpaired groups. Fisher’s exact test and 
the Chi squared test were used to assess whether patients 
with and without infection were significantly different 
according to their gender, medical history, clinical data, 
laboratory values, lesion size, or TOAST. All statistical 
tests were two-tailed, and a p value <0.05 was considered 
statistically significant.

Multivariate analyses were performed to assess the 
associations between variables. The presence/absence 
of infection was set as the dependent variable, and SAA, 
CRP, WBC, and NIHSS were set as confounders. The 
model was validated using the bootstrap method. Cat-
egorical data were dichotomized according to the criteria 
in the table of demographic characteristics. Longitudinal 
data were also dichotomized according to the best cut-off 
obtained from area under the receiver operating charac-
teristic (ROC) curve (AUC) analysis.

Results
Baseline population characteristics
Of 40 consecutively enrolled ischemic stroke patients, 21 
developed an infection within 5 days of stroke onset (day 
4 was the median day of infection development after the 
cerebrovascular event). Mean patient age was 79  years 
old (IQR: 70–82  years) and 55% of patients were men. 
Patients with severe strokes, resulting in higher NIHSS 
values at hospital admission, were more prone to devel-
oping an infection than patients with minor strokes. 
Other factors, such as hypertension, diabetes mellitus, 
or smoking, did not significantly affect the development 
of an infection. Nevertheless, according to the modi-
fied Rankin Scale, patient outcome appeared to be sig-
nificantly affected by the development of an infection, as 
most of the patients with a poor outcome had developed 
an infection during their hospital stay.

At hospital admission, levels of WBC and CRP were 
within the normal range in both groups, with no sig-
nificant differences found between infected and non-
infected patients. Patients’ demographic characteristics 
are summarized in Table 1. 
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Proteomic results
In order to find a biomarker able to distinguish, at hospi-
tal admission, which patients will and will not develop a 
post-stroke infection, the proteomes of five infected and 
five non-infected stroke patients were compared using 
quantitative proteomic analysis. Applying the criteria of 
a maximum of 1% FDR and at least two unique peptides, 
266 proteins were quantified (Additional file 1: Table 1). 
Of all the proteins, serum amyloid A1 appeared to be the 
only significantly (p = 0.007) regulated protein between 
the two groups of patients, with a ratio of 2.2 after Bon-
ferroni correction.

To verify the results obtained by the  TMT10 plex dur-
ing the discovery phase, a further PRM analysis was per-
formed on a new batch of patients. Consequently, we 
targeted three transitions of the tryptic SFFSFLGEAFD-
GAR peptide in 10 infected and 10 non-infected 
patients. This peptide is common to all the different 
isoforms of acute-phase SAA. By measuring its con-
centration, therefore, we were sure to measure the total 
amount SAA present in blood and not only that of one of 

the different described isoforms. As shown in Fig. 1, the 
concentration of SFFSFLGEAFDGAR was significantly 
higher (p  <  0.001) in infected patients than in non-
infected ones, confirming that there was a clear over-
production of SAA in patients who went on to develop 
an infection.

Different SAA isoforms for infection development
Further PRM analyses were performed on the same 20 
patients in order to evaluate whether either of the acute 
phase isoforms (SAA1 and SAA2) had a more significant 
effect on infection and inflammatory processes. The high 
sequence-similarity between the SAA1 and SAA2 iso-
forms prevented an evaluation of their effects using clas-
sic ELISAs. The present study measured three transitions 
in the FFGHGAEDSLADQAANEWGR peptide (unique 
to SAA1) and GPGGAWAAEVISNAR peptide (unique to 
SAA2) across 10 infected and 10 non-infected patients. 
As Additional file 2: Fig. 1 shows, both peptides were sig-
nificantly (p < 0.001) more abundant in infected patients 
than in non-infected ones.

Table 1 Baseline data

All patients No infection Infection p value
(n = 40) (n = 19) (n = 21)

Demographic data

 Age, median (IQR) 79.2 (70.4–82) 78.3 (74–80.5) 80.4 (69.5–83) 0.78

 Female sex, n (%) 18 (45) 9 (47.4) 9 (42.9) 1

Medical history, n (%)

 Hypertension 31 (77.5) 12 (63.2) 19 (90.5) 0.06

 Atrial fibrillation 9 (22.5) 3 (15.8) 6 (28.6) 0.17

 Current smoking 11 (27.5) 5 (26.3) 6 (28.6) 0.64

 Diabetes mellitus 7 (17.5) 4 (21.1) 3 (14.3) 0.69

 Coronary heart disease 10 (25) 4 (21.1) 6 (28.6) 0.72

 Previous stroke 11 (27.5) 5 (26.3) 6 (28.6) 1

Clinical data, median (IQR)

 NIHSS at admission 5.5 (2–12) 3 (2–7) 12 (4–14) 0.01

Laboratory values, median (IQR)

 WBC (g/l) 8.6 (6.8–10.1) 7.7 (6.2–9.3) 9.3 (7.4–11.2) 0.14

 CRP (mg/l) 3.6 (3–9.1) 3.6 (3–6.8) 4.8 (3–17.4) 0.22

Lesion size on MR,  DWIb

 Small (1–10 mm3) 23 (27.5) 13 (68.4) 10 (47.6) 0.47

 Medium (10–100 mm3) 8 (20) 3 (15.8) 5 (23.8) 0.75

 Large (>100 mm3) 1 (2.5) 0 (0) 1 (4.8) 0.69

TOAST

 Large vessel stroke 8 (20) 3 (15.8) 0.69

 Cardioembolic stroke 8 (20) 4 (21.1) 1

 Microangipathic stroke 14 (35) 5 (26.3) 0.33

 Other 0 (0) 0 (0)

 Unknown 10 (25) 7 (36.8) 0.15
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Kinetics of serum amyloid A1/2
Serum amyloid A1/2 plasma concentrations were subse-
quently measured in a new group of 21 infected and 19 
non-infected patients in order to validate the previous 
proteomic results. Concentrations of this acute-phase 
reactant molecule were measured at hospital admission 
and at 1, 3, and 5  days after hospitalization, using an 
SAA1/2 ELISA assay. Initially, analyses were performed 
separately in those patients used for the discovery step 
and in those used for the verification/validation step. As 
Additional file 3: Fig. 2 shows, in both cases, SAA concen-
trations were significantly higher in patients who went on 
to develop a post-stroke infection than in those who did 
not. Subsequently, analyses were performed again when 
all the patients were evaluated together. As Fig. 2 shows, 
peptide concentrations were again significantly higher 
in infected patients than in non-infected patients, at all 
time points, particularly at 3 days (p = 0.01) and 5 days 
(p = 0.01) after stroke onset.

SAA measurements were evaluated to distinguish 
between the two groups of patients at D0, D1, D3, and D5. 
As Table 2 shows, the accuracy of SAA measurements in 
distinguishing which patients went on to develop an infec-
tion and which did not reached values of 73.2% (cut-off: 
14.2  µg/mL) and 77.1% (cut-off: 8.8  µg/mL) at hospital 
admission and 1  day after, respectively. Three days after 
hospitalization, the AUC of SAA was slightly better, reach-
ing a value of 80.7% (cut-off: 21.4 µg/mL), and 5 days after 
hospitalization, the AUC was 76.7% (cut-off: 87.7 µg/mL).

To evaluate the capacity of SAA1/2 measurement to 
rule-in patients at risk of infection, we set specificity (SP) 
at between 90 and 100%. At hospital admission, with a 
94.7% SP, SAA measurement reached 42.9% sensitivity 

(SE) and a partial AUC of 2.5% (Table  2). Three days 
after hospitalization, SP reached 100%, SE was 33.3%, 
and the partial AUC was 3.6% (Table  2). All the AUC 
and pAUC curves obtained at the different time points 
are represented in Fig.  3. These AUC and pAUC values 
were obtained using different cut-off concentrations cor-
responding to the best combination of SP and SE.

However, due to the high variability of the SAA con-
centrations obtained, we decided to evaluate the pos-
sibility of using a ratio based on those concentrations 
to predict the development of an infection. As Table  2 
shows, patients who went on to develop an infection 
during their hospital stay, presented with an average 2.4 
times greater concentration of SAA on D3 than on D1. 
For patients who did not become infected, average SAA 
concentrations remained very similar (ratio of 0.97), with 
no significant increase, thus suggesting that this ratio 
could be used as an indicator of patients at risk.

Multivariate analyses
Finally, we performed multivariate analyses in order to 
confirm that SAA was a promising biomarker of post-
stroke infection and to assess whether it was an inde-
pendent predictive factor. The presence of infection was 
set as the dependent variable, and the significantly regu-
lated parameters according to the patients’ demographic 
characteristics (NIHSS and SAA) were set as confound-
ers. WBC and CRP were also included in the confounder 
group because they are widely used in clinical practice. 

Fig. 2 Kinetics of SAA concentrations at hospital admission, 1, 3, and 
5 days after stroke onset. Text under Fig. 2 in PDF: SAA concentrations 
are shown by grey square for infected patients and by blue square for 
non-infected patients. Comparisons between the two groups were 
made using the Mann–Whitney U test. Asterisk significance level 
reported after the Bonferroni correction (p < 0.05)

Fig. 1 Ratio of SFFSFLGEAFDGAR peptide abundance between 
patients who went on to develop an infection and those who did 
not. The SFFSFLGEAFDGAR peptide is common to all the different 
isoforms of SAA
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As Table  3 shows, SAA was the only marker that dis-
played a relationship with the development of post-stroke 
infections, thus confirming and validating the possibil-
ity of measuring SAA concentrations as a biomarker of 
infection in stroke patients.

Discussion
The present study highlighted the capacity of proteom-
ics to identify protein biomarkers that could assist in the 
detection of stroke patients at a high risk of developing 

post-stroke infection [34]. Using isobaric labeling meth-
ods, we first compared the plasma samples of five infected 
stroke patients and five non-infected stroke patients. We 
found that concentrations of serum amyloid A1 were 
overexpressed in patients who went on to develop an 
infection. This first approach was then verified using 
parallel reaction monitoring in 20 stroke patients (10 
infected and 10 non-infected). Finally, the SAA1/2 con-
centrations of 40 ischemic stroke patients were con-
firmed using ELISA kits. The results demonstrated that 

Table 2 Capacity of plasma concentrations of SAA to distinguish between patients who went on to develop an infection 
and those who did not

Day Number of patients Mean SAA concentration  
(µg/mL) ± SD

ROC curve

No infection Infection No infection Infection p value AUC (95% CI) Cut-off SP% (95% CI) SE% (95% CI)

pAUC (95% CI) SP 90–100% (95% CI)

0 19 21 16 ± 38.4 61.8 ± 96.7 0.01 73.2 (55.9–87) 14.2 84.2 (68.4–100) 61.9 (38.1–81)

2.53 (0–6.7) 24.7 94.7 (84.2–100) 42.9 (23.8–62.02)

1 19 17 28.2 ± 62.6 57.7 ± 92.9 0.005 77.1 (60.1–92) 8.8 63.2 (42.1–84.2) 88.2 (70.6–100)

2.3 (0.6–6.5) 133.4 94.7 (84.2–100) 35.3 (11.8–58.8)

3 19 21 27.6 ± 55.2 140.9 ± 136 0.001 80.7 (66.2–93.2) 21.4 84.2 (68.4–100) 71.4 (52.4–90.5)

3.6 (1.7–7.6) 233.9 100 (100–100) 33.3 (14.3–52.4)

5 19 21 33.6 ± 66.4 137 ± 123.5 0.003 76.7 (61.2–89.7) 87.8 94.7 (84.2–100) 57.1 (38.1–76.2)

3.5 (0.5–7.6) 87.8 94.7 (84.2–100) 57.1 (38.1–76.2)

Fig. 3 ROC curves for SAA representing the ability to differentiate between patients who went on to develop an infection and those who did not, 
on the day of hospital admission (D0) and 1 day (D1), 3 days (D3), and 5 days after (D5) stroke onset
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SAA1/2 is an efficient infection-risk prediction marker in 
stroke patients.

SAA1/2 has already been described as a potential 
marker of inflammation and infection in several patho-
logical conditions, including stroke and subarachnoid 
hemorrhage, [35]. In a case-controlled study involving 54 
patients, levels of acute-phase proteins were significantly 
higher in stroke patients who developed an infection dur-
ing the month preceding a cerebrovascular event than in 
those who did not develop one. During the month fol-
lowing the stroke, concentrations of SAA started being 
significantly higher in patients who went on to develop an 
infection than in those who had only had an infection pre-
ceding the cerebrovascular event at 3 days after the onset 
of symptoms [36]. This highlighted that the acute-phase 
response was clearly related to the development of infec-
tions. In another study, of 60 patients, levels of SAA were 
significantly higher in 45 patients with stroke than in the 
15 control patients without stroke. SAA concentrations 
increased between days one and three in patients with a 
cerebral infarction complicated by an infectious inflam-
matory process [37]. These results suggested a correlation 
between the acute-phase response and the development 
of an infection. Nevertheless, to the best of our knowl-
edge, until now no one had evaluated the ability of these 
acute-phase molecules to act as predictors of infection.

In a population of 81 subarachnoid hemorrhage 
patients, SAA concentrations measured at hospital 
admission predicted which patients would develop an 
infection during their hospital stay with an accuracy of 
76% [38]. We therefore decided to perform the same anal-
ysis using ischemic stroke patients in the present study. 
As already shown, very similar results were obtained.

To the best of our knowledge, our study is the first to 
assess the predictive value of SAA concentrations while 
taking into account the time points of measurements as 
well as the diagnosis. We found that the SAA concentra-
tion was able to detect 42.9% of the stroke patients who 
had a very high certainty of going on to develop an infec-
tious complication.

Human SAA is an acute-phase protein primarily 
expressed by the liver [39]. There are four different but 

closely related genes responsible of the protein’s different 
isoforms. In humans, the production of SAA1 and SAA2 
takes place under inflammatory conditions. SAA3 is a 
pseudo-gene, and SAA4 encodes a protein that is pro-
duced constitutively [40]. Inflammatory SAA1 and SAA2 
share around 90% of their gene sequence. Due to the sim-
ilarities between both, immunoassays have been unable 
to differentiate between them [39], and studies to date 
have been unable to determine which of the isoforms is 
most associated with infectious and inflammatory pro-
cesses. In the present study, we used the PRM method 
to track each isoform and evaluate its contribution. As 
shown in Additional file 2: Fig. 1, both SAA1 and SAA2 
are related to infection development. The FFGHGAED-
SLADQAANEWGR peptide, unique to SAA1, and the 
tryptic SAA2 GPGGAWAAEVISNAR peptide appeared 
to be significantly more abundant in patients suffering 
from an infection than in patients without one.

SAA concentrations are most likely higher in stroke 
patients suffering from infections due to its role in 
attracting leukocytes and immune cells to the sites of tis-
sue damage, infection, or inflammation [41, 42]. As previ-
ously described, inflammation is an important part of the 
reactions taking place after an ischemic event. Indeed, 
blood derived leukocytes and microglia will be activated 
from minutes to hours after a cerebrovascular event [43]. 
Recruitment, activation, and adhesion of leukocytes to 
the endothelium will happen at the same time as neutro-
phils and monocytes/macrophages transmigrate into the 
location of the cerebral infarction [44]. During this pro-
cess of brain damage, the acute-phase response will also 
activate acute-phase proteins as SAA, CRP, haptoglobin, 
α1-acid glycoprotein, α1-antichymiotripsin appear 
increasingly in the blood [44].

The present study has certain limitations. (1) The 
cohort was small and its results should be validated in a 
larger cohort of patients in order to have sufficient sam-
ples for the subgroup analyses (infection, no-infection). 
(2) The study proposed SAA as a promising prognostic 
infection marker in stroke patients. Nevertheless, com-
bining SAA concentrations with other clinical scales 
(NIHSS) or scores could improve the accuracy of the 
association. Different combinations should be tested to 
evaluate the potential added value of a panel of mark-
ers. (3) Another point which remains to be investigated 
is why SAA concentrations become elevated in patients 
developing an infection much earlier than CRP does, 
for example. The present study postulated that this was 
due to its role in inflammation, but are we thus meas-
uring inflammation or are we facing a post-infection 
inflammation phenomenon? As previously reported, 
the acute-phase response is more prominent in patients 
who develop an infection during hospitalization, but 

Table 3 Multivariate analyses of  different factors predict-
ing the presence of infection

Infection

Predictors OR 95% CI p

SAA 3.68 (1.27–10.6) 0.047

CRP 0.37 (0.12–1.17) 0.09

WBC 1.24 (0.86–1.79) 0.24

NIHSS 1.18 (1.01–1.38) 0.031
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SAA concentrations were already higher when a previous 
bacterial infection was present. A detailed study should 
be performed to compare all these factors. (4) Different 
isoforms of SAA did not seem to act differently in con-
ditions of inflammation. Nevertheless, the present study 
was only able to measure one tryptic peptide from each 
isoform. Further studies should target different peptides 
corresponding to the different isotypes of each isoform 
in order to perform a give a more detailed analysis of the 
role of SAA in infected stroke patients. Finally, to trans-
late this study’s results into clinical practice, a point of 
care test should be developed in order to provide results 
in minutes and ensure better, faster patient management.

Conclusions
In a small cohort of stroke patients, we were able to demon-
strate that the concentrations of SAA1/2 measured at hospi-
tal admission could be used to predict post-stroke infection. 
Applying SAA measurement in clinical settings could dras-
tically improve patient management and, consequently, 
their associated outcomes. Further large, multicenter valida-
tion studies are needed to confirm these results.
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The improvement of outcome and management of patients suffering from stroke has been an 

important challenge since many years(20). Excluding the high mortality produced as a 

consequence of the initial cerebrovascular accident, common complications occurring after the 

symptom onset are the main cause of outcome worsening and death (155, 196, 222).   

Post-stroke infections are one of the most common complications developing during the 

hospital stay and leading to high rates of morbidity/mortality (191, 201, 223). Early initiation of 

antibiotherapy is recommended once the infection has been diagnosed (97). However, at 

present, infection diagnosis is a challenging task for physicians as the proposed criteria in the 

different studies are inconsistent. The current clinical practice based on the performance of 

blood cultures is time consuming and low, which highlights the need of better diagnostic 

methods including biomarkers able to identify post-stroke infections in a more accurate and 

earlier way (94). Several studies were performed to discover biomarkers able to detect these 

complications before its development in order to apply the necessary treatment to reduce their 

impact. However, for instance there is a lack of a gold standard. 

1. Main results of this thesis project 

1.1. Infection prediction in aSAH patients 

The first objective of this thesis project was to find a biomarker able to predict aSAH patients 

that will develop an infection during their hospital stay. For this purpose, we applied the classical 

strategies of biomarker discovery, verification and validation steps explained during the 

introduction of this manuscript. For the discovery step, knowledge obtained from the literature 

and untargeted proteomic methods were applied. For the verification and validation steps of the 

most interesting molecules, immunoassays and targeted proteomics were applied. A cohort of 

198 aSAH patients collected from Pitié-Salpêtrière Hospital of Paris was used for verification and 

an additional population of 63 aSAH patients coming from Charité Universitätsmedizin Hospital 

in Berlin was used for the validation of the results.   

According to the literature, inflammation and immune responses are the key elements in the 

pathogenesis of this disease, as well as in the development of infectious complications occurring 

after the symptom onset.  The immune system takes a key role in the brain damages produced 

by the initial accident, and similarly, the injured brain, produces an immunosuppressive reaction 

that promotes the development of infections; more concretely T cells and natural killer (NK) cells 

suppress the production of interferon gamma (IFN-γ), altering importantly the antibacterial 

defense. Following this theory, we first evaluated the capacity of neopterin to act as an infection 

predictor in patients suffering from aSAH. Neopterin, is a metabolite produced by monocytes-

http://www.charite.de/en/charite/
http://www.charite.de/en/charite/
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macrophages, which provides information about the TH1 response activity and about the 

activity of the cellular immune system. It has been used in the past as a biomarker in several 

inflammatory and infectious diseases (185, 224, 225). Furthermore, in patients with 

cerebrovascular accidents it has been shown to have significantly higher concentrations than in 

control ones and to correlate with the long term outcome of these patients (187, 226).  

To increase the set of potential biomarkers for infection prediction, we did not limit our research 

to bibliography and performed quantitative mass spectrometry (TMT-6 plex) approach, to 

compare the proteome of infected and non-infected aSAH patients at hospital admission. 

Among the 17 significantly regulated proteins between the two groups of patients, serum 

amyloid A, appeared to have the higher ratio when comparing the two groups of patients. The 

liver secretes this acute phase protein during inflammation. In patients with acute ischemic 

stroke it has been shown to be a useful marker for the diagnosis of atherotrombotic stroke as 

well as to act as a prognostic marker (86). However, neither SAA nor neopterin have been 

evaluated so far as potential infection markers in aSAH patients.  

In the present thesis project we found that both candidates, showed promising capacity to act as 

infection markers: neopterin concentrations appeared to well correlate with infection 

development from three days after hospital admission and onwards (Chapter III). Similarly, 

concentrations of SAA appeared to be significantly increased in aSAH patients developing and 

infection than in non-infected ones (Chapter iV). Furthermore, in this case, significant 

differences were already found at hospital admission, which highlights SAA as an earlier marker 

than neopterin and a really promising tool to use in clinical practice as an infection risk 

stratificator. Even if the accuracy values of SAA (at hospital admission: 75.3%) and NP (three 

days after hospital admission: 68.5%) were quite promising, it has previously been shown in 

stroke patients developing infectious complications, that the combination of individual markers 

with clinical parameters could importantly improve the prediction accuracy of single markers. 

The A2DS2 score, with an accuracy of 83.6% has become one of the latest promising tools to 

predict post-stroke associated pneumonia. In this thesis project, we tested the hypothesis that 

the combination of SAA or neopterin with other biomarkers or clinical parameters could improve 

the individual accuracy of each molecule. We used our home-made Panelomix tool to find the 

best combination of markers. To select the individual parameters that could be introduced in the 

panel, we combined the two potential biomarkers with already described infection risk factors: 

clinical scales as WFNS or Fisher, the age of the patients and the values of WBC at hospital 

admission.  As previously shown in chapter IV, the combination formed by SAA, WFNS, WBC and 

age increased importantly the total values of SP and SE when comparing with individual markers. 
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For a fixed SP of 95-100%, SAA and NP obtained SE values of 26.56 and 10.14 respectively. The 

panel was able to importantly increase this sensitivity to reach a value of 100% SP for 64.3% SE 

(Chapter V).  

1.2. Infection prediction in ischemic stroke patients 

The second objective of this thesis project was to find a biomarker for infection prediction in 

ischemic stroke patients. Even if this is a relatively new research approach when comparing with 

diagnosis or stroke prognosis research, some discovery has already been performed. One of the 

most studied and accepted markers until present is the CRP, an acute phase inflammatory 

molecule, highly related with infection and inflammation (97, 162). However, in ischemic stroke 

patients, it has only shown a moderate predictive value when comparing with clinical 

information (227). Copeptin and procalcitonin, the other two widely studied markers, have not 

shown the expected results. Even if they are independently associated with the development of 

infections, they are not early enough to administrate the antibiotic treatment in an earlier 

stage(97). Consequently, new biomarkers are needed to improve the management of ischemic 

stroke patients and avoid infection development. 

For this purpose, the same workflow of discovery, verification and validation steps followed in 

the discovery of infection markers for aSAH patients was applied. First of all, for the discovery 

phase, we performed a TMT-10 plex in which we compared the plasma samples collected at 

hospital admission of stroke patients developing an in-hospital infection and stroke patients not 

developing it. Among the quantified proteins, the well already known SAA appeared to be again 

the only significantly regulated protein between the two groups of patients, being 2.2 times 

more abundant in infected patients than in non-infected ones.  

For the verification of these results, plasma samples of 40 ischemic stroke patients coming from 

the University Hospital of Basel (Switzerland) were used. As shown in chapter VI, SAA levels 

appeared to be significantly higher in patients that will develop a post-stroke infection than in 

those without it. With an accuracy of 73.2% at hospital admission, these results confirmed that 

SAA could be also an interesting marker in stroke patients (Chapter VI).  

Afterwards, in an attempt to validate these results, during the last phase of this thesis we 

measured the concentrations of SAA in 243 additional ischemic stroke patients coming from the 

University Hospital of Basel (Switzerland).  

According to the demographic characteristics of the population, we saw that most of the 

patients were men (59.3%) and that the median age (IQR) of the population was 75.3 years 

(62.5-82). After performing univariate analysis very few parameters appeared to affect the 
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development of infection. Patients presenting an infection during hospitalization developed 

hypertension and atrial fibrillation significantly more currently than patients without infection. 

Similarly, patients with large vessel lesions were more prone to develop infections than those 

with small lesions. Finally, laboratory values at admission (SAA, CRP, PCT, WBC) and clinical 

scales appeared also to have an important role in infection development; more concretely, 

NIHSS values were significantly higher in those patients developing an infection than in those 

patients without it.  

Following the same trend, levels of SAA (Figure 1), PCT, CRP and WBC measured at hospital 

admission in 59 infected and 224 non-infected patients appeared to be statistically increased in 

those patients that will develop an infection, postulating that they could be promising infection 

diagnostic tools.  

 
 

 

Consequently, multivariate analyses were performed to assess the association between 

variables. The presence of infection was set as the dependent variable and the following 

significantly regulated parameters (gender, NIHSS, WBC, CRP, PCT and SAA) as confounders. As 

represented in Table 2 only SAA displayed a relationship with the development of infections, 

which confirms and validate the capacity of SAA to act as an infection marker in stroke patients. 

 

Predictors OR P

Gender 1.58 0.8 – 3.14 0.19
NIHSS 1.06 1.01 – 1.1 0.01
WBC 1.17 1.05 – 1.31 0.006

Log_CRP 0.9 0.57 – 1.43 0.66
Log_SAA 1.32 0.99 – 1.76 0.053

95% CI
Infection

Figure 1: SAA plasma concentrations of 59 infected and 224 non-infected patients at 
hospital admission. Comparisons between the two groups were made using the Mann 
Whitney U test. *= significance level reported after the Bonferroni correction (p<0.05) 

Table 2: multivariate logistic regression analysis with selected variables significant in univariate logistic 
analysis (p<0.01) 
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Further analyses are needed and will be soon performed to evaluate if the individual capacity of 

SAA could be improved by combining it with clinical scales such as NIHSS or clinical parameters. 

These exciting results will be included in a manuscript to be submitted to Stroke.  

In any case, all the results produced during the attempt to find ischemic stroke and SAH 

infection biomarkers, have highlighted that the translational strategies were efficient for the 

discovery phase. SAA appears as a promising tool to classify patients at high risk of post-stroke 

infections reducing the risk of infection development and increasing potentially the efficacy of 

antibiotherapy.  

2. Perspectives 

One the important perspective of this thesis project is to translate the SAA into the clinical 

practice. However, before this important step is achieved, several issues should be solved.  

2.1. POCT development 

The development of a rapid Point-Of-Care-Test (POCT) is the last necessary step to use this 

biomarker at the bedside as an infection risk stratificator in patients with cerebrovascular 

events. For this purpose, we should first of all compare the accuracy of our already known SAA 

ELISA test (Mesoscale) with that of two already developed POCTS: Upper Biotech (China) for the 

human form and Accuplex (Ireland), a POCT used to measure the degree on inflammation and 

infection in race horses. 

The limits of detection and quantification as well as the overall precision should be tested. 

Afterwards, verification should be performed using the plasma samples of 20 stroke patients 

coming from Zurich (10 infected and 10 non-infected) that should be used to compare the two 

POCTs at two different time points. Finally, in order to validate the results, SAA levels of 100 

patients (50 infected and 50 non-infected) coming from Zurich and Barcelona should be tested 

at different time points. ROC curves will establish the discriminatory capacity of these tests to 

act as infection markers.  

2.2. Study of different SAA isoforms 

Apart from the practical utility of SAA, before its translation into the clinical practice, it would be 

also important and interesting to well identify the mechanism and the isoforms of the SAA that 

are related with infection development. Very interesting results obtained during this thesis 
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project were the observation by PRM of the different SAA isoforms (Chapter VI). As already 

described  

during the introduction of the manuscript, SAA1 and SAA2, the two acute phase isoforms, 

consist in 104 amino acid residues that share around 93% of their sequence (228). Each of them 

present specific alleles with different frequencies: SAA1α (31%), β (32%), γ (37%) and SAA2α (65-

80%) and β (20-35%) (179, 218). However, for instance, no studies have been performed to 

evaluate if one of the isoforms has a better and earlier performance to the detection of the 

infection than the others.  

In the present project, levels of SAA were measured using immunoassays, which did not allow 

distinguishing between the SAA1 and SAA2 due to their sequence similarity. Therefore, in order 

to evaluate if any of the SAA isoforms had a better predictive power than the other, targeted 

proteomic analysis were performed. Parallel reaction monitoring (PRM) was used to accurately 

quantify specific peptides in complex samples (212). Preliminary results (chapter VI) performed 

in stroke patients with specific peptides of the total SAA (SFFSFLGEAFDGAR), SAA1 

(FFGHGAEDSLADQAANEWGR) and SAA2 (GPGGAWAAEVISNAR) have not shown differences in 

their capacity to act as infection stratificators, finding that all the three tryptic peptides were 

significantly more abundant in infected patients than in non-infected ones. However, to 

accurately quantify the role of each isoform, absolute quantification is needed at different time 

points (0, 12, 24, 48 and 72h) and in larger multicentric cohorts. For this purpose, isotopically 

spiked synthetic peptides will be used in the near future. 

2.3. Translation of SAA into the clinical practice 

Once the knowledge of the different SAA isoforms has been figure out and the POCT has been 

developed, prospective studies could be launched. First of all, an observational prospective 

study should be performed to evaluate if the levels of SAA measured with the POCT correlate 

with infection such in a good way as it was obtained during the retrospective study.  

In a second step, an interventional prospective study should be performed. First of all and in 

order to obtain accurate results with sufficient statistical power, the sample size of the study 

must be calculated. Estimating a power of 99% at least 27 infected patients should be included, 

so for a calculated prevalence of infection of 10%, a total of 270 patients (27 infected and 135 

non-infected) should be required in the present study. Afterwards, patients with values of SAA 

above the previous established cut-off, should receive the antibiotherapy in the shortest delay.  

A similar clinical trial has already been performed with procalcitonin, which postulates that the 

use of accurate biomarkers is the best option to guide the administration of antibiotic therapy 
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and to improve the associated outcome (158). The next and final step should be to evaluate the 

circumstances under which SAA is effective for reducing post-stroke infections and improve 

outcome.  

2.4. Other molecules as infection markers 

To increase the knowledge of the disease, we also preliminary investigated biomarkers that have 

already been related with the physiopathology of the disease. As already explained during the 

introduction of this manuscript, different types of cytokines, chemokines, adhesion molecules, 

cellular components and acute phase molecules are involved in the inflammation pathway and 

pathogenesis of cerebrovascular accidents (75, 78, 221, 229-231). Consequently, we selected 

some of the most representative molecules of each of these groups to obtain an overall image of 

their performance in predicting infectious complications. 

In stroke patients, cytokine concentrations increase their concentrations during the first 24 

hours after the brain injury and correlate with poor outcome at one year (75, 232). During this 

thesis project, we evaluated at hospital admission, the levels of IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, 

IL-10, IL12p70, IL-13, TNF-α and IP-10 in 44 infected and 22 non-infected aSAH patients. 

Chemokine concentrations of MCP-1 or MIP-1α are also supposed to be significantly increased in 

those patients presenting with an ischemic stroke or subarachnoid hemorrhage than in control 

ones(78). Furthermore, their inhibition is supposed to revert the damage level. Consequently, 

we measured at hospital admission the concentrations of these two molecules in the same 

infected and non-infected patients than above. Adhesion molecules, the group of molecules that 

participates in inflammatory endothelial activation after a brain injury, were shown to be 

increased in patients with ischemic stroke or in aSAH patients presenting ischemic lesions. ICAM 

and VCAM, are the two most reported ones (75, 230, 233) and the two selected for the analysis 

in our population. Finally, we measured the levels of the two most studied biomarkers related 

with infection detection: WBC and CRP. Leukocyte levels are widely used to evaluate the 

presence of an infection in different types of diseases. However, in aSAH patients some 

controversy has been found as the increase in their levels produced by the impact of the initial 

hemorrhage did not allow predicting the patients that develop an infection from those without 

infection. Elevated CRP concentrations have been also widely related with infection 

development. In stroke patients higher concentrations have been related to poor outcome and 

mortality as well as to the occurrence of post-stroke infections (227). In the present project we 

evaluated also their concentrations in 44 infected and 22 non-infected patients.  
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Among all the evaluated molecules, at hospital admission MCP-1, CRP and WBC showed the 

most promising accuracies, reaching similar values to those obtained by SAA. Even if at this early 

time point cytokines did not seem to be very accurate in stratification of patients at higher risk 

of infection development, we can observe that their accuracies importantly increased during the 

hospitalization stay, obtaining very accurate values already three days after hospital admission.  

 

These promising preliminary results performed in the cohort of aSAH patients coming from 

Paris, should be validated in the available aSAH cohort of patients coming from Berlin. The 

combination of the most accurate molecules with other markers or clinical parameters should be 

performed to evaluate the improvement on the individual accuracy. Finally, pathway analysis 

should be suitable to better understand the role of the different molecules in the 

pathophysiology of the disease. Each of these inflammatory molecules, have been described 

individually as having different performances in stroke patients. Present results could be used to 

support this theory and to get new insights in the disease.   

Molecule AUC (%) p AUC (%) p AUC (%) p AUC (%) p AUC (%) p

D1 D3 D5 D7 D9

IFN-γ 50.2 n.s 73.5 n.s 54 n.s 61.9 n.s 54.2 n.s
IL1β 53.6 n.s 47.6 n.s 57.9 n.s 53.5 n.s 49.9 n.s
IL-2 61.5 n.s 64 n.s 63.4 n.s 51.6 n.s 57.2 n.s
IL-4 61.2 n.s 61.6 n.s 55 n.s 64.5 0.042 53.9 n.s
IL-6 57.9 n.s 81 ≤0.001 80.9 ≤0.001 75.4 ≤0.001 74.2 ≤0.001
IL-8 52.7 n.s 54.6 n.s 58.2 n.s 61.2 n.s 57.5 n.s

IL-10 49.8 n.s 75.8 ≤0.001 72.4 n.s 59.5 n.s 64.8 0.028
IL12p70 54.1 n.s 51.1 n.s 50 n.s 57 n.s 50.9 n.s

IL-13 62.2 n.s 61.3 n.s 52.7 n.s 60.5 n.s 51.2 n.s
TNF-α 56.9 n.s 71.7 0.002 72.1 0.001 68 0.009 58.6 n.s
IP-10 53.5 n.s 64.1 0.043 54 n.s 62.1 n.s 50.2 n.s

MCP-1 73.2 0.005
MPI-1α 61.5 n.s

ICAM 69 0.02 64.4 0.03 70.9 0.002 71.2 0.002 70.3 0.004
VCAM 65.6 n.s 65 0.03 72.2 0.001 65.5 0.026 64.5 0.04

WBC 76.3 0.008 73.6 0.007 57.7 n.s 54.8 n.s 62.7 n.s

CRP 73.8 0.009 73.8 0.001 85 ≤0.001 84.4 ≤0.001 78.6 ≤0.001
SAA 76 ≤0.001 69.5 0.005 79.4 ≤0.001 81.7 ≤0.001 79.2 ≤0.001

NP 58.5 n.s 68.4 0.008 81.6 ≤0.001 82.1 ≤0.001 81.1 ≤0.001

Acute phase proteins

Metabolites

Cytokines

Chemokines

Adhesion molecules

Cellular components

Table 3: accuracy of different molecules to differentiate between patients that will and will not develop an infection 
during their hospital stay. 
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2.5. Delayed cerebral ischemia (DCI) biomarker discovery 

The main goal of this thesis project was focused on the discovery of biomarkers for the 

prediction of patients at risk of infection development. However, in aSAH one of the most feared 

complications is vasospasm and DCI. Many studies were performed to understand the 

mechanisms responsible of its development as well as to try to find new alternative treatments 

(53, 57, 74, 222, 234, 235). However, until present no conclusive findings have been found. 

We hypothesized, that literature and proteomics analysis could help to increase the knowledge 

of this deleterious complication. Consequently, using proteomics tools we compared first of all, 

the proteins coming from patients with and without DCI, to find biomarkers able to avoid the 

development of vasospasm and find predictor biomarkers. The same workflow followed for the 

discovery of infection markers was also used in the discovery step associated with DCI: we set up 

a TMT-10 plex quantitative MS to analyze plasma samples obtained at the day of vasospasm 

onset, two days before the symptom onset and the equivalent day in patients without 

vasospasm.  

 
 

 
 

When comparing the vasospasm patients two days before the symptom onset with no-

vasospasm patients, 11 proteins were identified as significantly regulated between the two 

groups of patients. Among them, neuromodulin and SAA, showed the highest ratios. A first 

attempt to verify neuromodulin results was performed, but the low sensitivity and 

reproducibility of the commercialized immunoassays, did not allow obtaining a conclusive 

results.  

Levels of SAA, measured with the already known Mesoscale assay, appeared to be slightly higher 

in patients with symptomatic vasospasm (n= 8) and angiographic vasospasm (n=16) than in 

Figure 3: concentrations of SAA in patients without vasospasm (NV), in patients 
with angiographic vasospasm (VA) and in patients with symptomatic vasospasm 
(VS). 
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those without vasospasm (n=53) (Figure 2). Even if the differences did not appear to be 

significant, further verification in higher number of patients should be performed for SAA and 

other potentially interesting proteins.  

2.6. Inflammation in vasospasm pathogenesis 

Apart from SAA and considering previous literature search, we decided to follow the hypothesis 

that inflammation is one of the most promising ways to find new treatments and understand the 

vasospasm development. Proinflammatory cytokines such as IL-1β, IL-6, IL-8 and TNF-α have 

been shown to be elevated in patients with vasospasm (236-240). Furthermore, IL-6 levels 

increase importantly just after aSAH, postulating that it could be an early marker able to predict 

vasospasm development (239, 240).  

Consequently, in our cohort of patients coming from Paris, we compared the levels of TNF-α, 

IFN-γ, IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL12p70, IL-13, IP-10 in patients with and without 

vasospasm at different time points: two days before the vasospasm onset (V-2), one day before 

(V-1), the day of vasospasm (V) and one and two days after (V+1 and V+2). No significant 

differences were found between the different groups. The low number of patients suffering 

from angiographic and symptomatic vasospasm made difficult to obtain significant differences 

among groups.  

New cohorts with more clear and detailed definitions of vasospasm, DCI, angiographic and 

symptomatic vasospasm are needed to be able to correctly evaluate the impact of these 

complications in patient’s management and outcome. A new cohort of 63 aSAH patients coming 

from Charité Universitätsmedizin Hospital in Berlin is available for future analysis. 

3. Conclusions 

Post-stroke infections are one of the most important causes of outcome worsening and death in 

patients that survive to the initial cerebrovascular accidents. Early identification of patients at 

risk of infection development is crucial to administrate the antibiotherapy in the shortest delay 

and to improve their associated outcome.  However, due to the low specificity of the symptoms, 

diagnosis step has become an important challenge for physicians, highlighting the need of early 

infection prognostic biomarkers. In the present thesis project, we demonstrated that SAA could 

be a promising marker to predict aSAH and ischemic patients susceptible to develop in-hospital 

infections. In combination with other markers it is able to predict at hospital admission 60% of 

patients that will develop an infection, becoming consequently an excellent tool to introduce the 

http://www.charite.de/en/charite/
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antibiotherapy in an earlier stage, to better manage the patients and to improve their associated 

outcomes.  

The development of a SAA POCT is a crucial step to translate this marker to the bedside, to 

improve the quality of life of the patients and to decrease health care costs.  
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