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Abstract/Summary (322 Words) 32 

Background: Accurate biomarkers to diagnose infection are lacking. Studies reported good 33 

performance of pancreatic stone protein (PSP) to detect infection. The objective of the study 34 

was to determine the performance of PSP in diagnosing infection across hospitalised patients 35 

and calculate a threshold value for that purpose. 36 

Methods: A systematic search across Cochrane Central Register of Controlled Trials and 37 

MEDLINE databases (1966 to March 2019) for studies on PSP published in English using 38 

‘pancreatic stone protein’, ‘PSP’, ‘regenerative protein’, ‘lithostatin’ combined with ‘infection’ 39 

and ‘sepsis’ found 44 records. The search was restricted to the five trials that evaluated PSP 40 

for the initial detection of infection in hospitalized adults. Individual patient data were obtained 41 

from the investigators of all eligible trials. Data quality and validity was assessed according to 42 

PRISMA guidelines. We choose a fixed-effect model to calculate the PSP cut-off value that 43 

best discriminates infected from non-infected patients. 44 

Results: Infection was confirmed in 371 of 631 patients. The median [IQR] PSP value of 45 

infected versus uninfected patients was 81.5 [30.0–237.5] versus 19.2 [12.6–33.57] ng/ml, 46 

compared to 150 [82.70–229.55] versus 58.25 [15.85–120] mg/l for C-reactive protein (CRP) 47 

and 0.9 [0.29–4.4] versus 0.15 [0.08–0.5] ng/ml for procalcitonin (PCT). Using a PSP cut-off 48 

of 44.18 ng/ml, the ROC AUC to detect infection was 0.81 (0.78–0.85) with a sensitivity of 0.66 49 

(0.61–0.71), specificity of 0.83 (0.78–0.88), PPV of 0.85 (0.81–0.89) and NPV of 0.63 (0.58–50 

0.68). When a model combining PSP and CRP was used, the ROC AUC improved to 0.90 51 

(0.87–0.92) with higher sensitivity 0.81 (0.77–0.85) and specificity 0.84 (0.79–0.90) for 52 

discriminating infection from non-infection. Adding PCT did not improve the performance 53 

further. 54 

Conclusions: PSP is a promising biomarker to diagnose infections in hospitalized patients. 55 

Using a cut-off value of 44.18 ng/ml, PSP performs better than CRP or PCT across the 56 

considered studies. The combination of PSP with CRP further enhances its accuracy. 57 

Key words: Pancreatic Stone Protein; PSP; Infection; Biomarker  58 
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BACKGROUND  59 

 60 

Severe infections are leading causes of morbidity and mortality among hospitalized patients 61 

[1, 2]. Early detection of life-threatening infection is crucial to improving outcomes [1]. To date, 62 

none of the circulating blood biomarkers or signatures of the immune response that have been 63 

investigated [3] [4] detect life-threatening infection quickly enough and with an acceptable 64 

certainty [5]. Two markers (C-reactive protein [CRP] and procalcitonin [PCT]) are widely used 65 

[6] [7-10] despite their sub-optimal performance [11]. 66 

Pancreatic stone protein (PSP) is a pro-inflammatory mediator that binds to 67 

polymorphonuclear cells and triggers their activation in vitro (reviewed in [12]); it is a recently 68 

described biomarker of infection whose performance has been thoroughly evaluated in several 69 

patient populations and in different clinical settings, including emergency rooms (ERs) [13] and 70 

intensive care units (ICUs) [14-18]. PSP was able not only to diagnose infection [14, 15, 18] 71 

but also to characterize its severity [16, 17] as well as to predict its outcome [16, 17, 19]. 72 

Nevertheless, a clinically useful PSP threshold level has not yet been defined. 73 

We aimed to perform an individual patient level meta-analysis of published data to determine 74 

the performance of PSP in detecting infection, to propose a threshold value for that purpose 75 

and to validate it across heterogeneous populations. 76 

 77 

  78 
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METHODS  79 

Search strategy and selection criteria 80 

A systematic literature search was performed based on the following search strategy prepared 81 

according to PRISMA individual patient data guidelines (Supplemental Tables 1 and 2) [20]. 82 

The databases searched were the Cochrane Central Register of Controlled Trials (CENTRAL) 83 

and MEDLINE (1966 to March 2019). The search was restricted to original human clinical trials 84 

on PSP/reg published in English before March 2019 that assessed the performance of PSP 85 

for the initial detection of infection in hospitalized adults (see definition of infection for each 86 

study in Supplemental Table 3). We used ‘pancreatic stone protein’, ‘PSP’, ‘regenerative 87 

protein’, ‘infection’, ‘sepsis’, and ‘lithostatin’ as keywords. Paediatric trials and autopsy studies 88 

were excluded.  89 

Two reviewers (JP and YAQ) independently assessed trial eligibility based on titles, abstracts, 90 

full-text reports, and further information from investigators as needed (Figure 1). Study 91 

protocols and unedited databases containing anonymized individual patient data were 92 

obtained from investigators of all eligible trials.  93 

The Cantonal Ethical Committee of the State of Bern (#2018-01356) reviewed and approved 94 

the protocol of this systematic review and meta-analysis in 2018 (see supplemental appendix) 95 

and the respective ethical committees approved all specific studies. 96 

Assessment of data validity 97 

All raw data were received with patient specific anonymized identification and included at least 98 

the following information: age, sex, confirmed infection/non-infection and values of PSP, CRP 99 

and PCT. For Klein et al., we did not receive PCT values or gender data. Death outcomes and 100 

days to death were described only in Keel et al. and Llewelyn et al. Data from each trial were 101 

first checked for duplicates and then against reported results. Queries were resolved with the 102 

principal investigator, trial data manager, or statistician when needed. Cases with missing PSP 103 

values were excluded. In all eligible subjects, PSP levels were measured according to the 104 
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same protocols and techniques developed by Rolf Graf`s team at the Universitätsspital Zürich, 105 

Switzerland. Llewelyn et al. used plasma instead of serum; however, we did not observe any 106 

considerable variations in main PSP values between plasma and serum. Biomarker data were 107 

checked for consistency and variability within and between studies to detect possible bias 108 

using known ranges, boxplots and estimated densities of log-transformed values 109 

(Supplemental Figures 1 and 2). PCT exhibits increased within- and between-study variability 110 

(higher interquartile range and much higher outlier points) while compared to PSP and CRP. 111 

Data analysis 112 

We included all adult patients admitted to either an ER or an ICU and in whom PSP was 113 

measured to diagnose infection. For both studies with multiple time points, we restricted the 114 

analysis on day 5 after severe trauma for Keel et al. and on day 2 after cardiac surgery for 115 

Klein et al. The primary objective was to calculate the optimal PSP threshold value to 116 

discriminate infected from non-infected patients. The secondary objectives were: (i) to 117 

compare the PSP accuracy, its negative and positive predicting values as well as its positive 118 

and negative likelihood ratio to those of PCT and CRP for detecting infected patients; and 119 

finally (ii) to explore the value of models using different combinations of the three biomarkers 120 

to further improve the detection of infection. 121 

Because data exploration showed skewness (Supplemental Figures 1 and 2) in most 122 

continuous variables, these were reported as medians and interquartile ranges (IQRs). 123 

Categorical variables were reported as frequencies and percentages.  124 

Statistical analysis  125 

Meta-analysis model selection and heterogeneity assessment. We performed an individual 126 

patient data meta-analysis and evaluated three models according to the approach proposed 127 

by Steyerberg et al. [21] (Supplemental Table 4 and Supplemental Methods). A ‘fully stratified’ 128 

random-effect model (random intercept and random PSP effect) was compared to a mixed-129 

effects model with random study effect but fixed treatment effect, and a fixed-effect model 130 

(Supplemental Tables 4 and 5). Even though the fully-stratified and the mixed-effects model 131 
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provided better ROC AUCs (Supplemental Tables 7 and 9), we selected the fixed-effect model 132 

as it was the only one among the three models considered that provided a unique PSP 133 

threshold (Supplemental Tables 6, 7 and 9). 134 

Single biomarker approach. ROC curves were constructed for all untransformed biomarkers 135 

of interest (PSP, PCT and CRP) by varying the cut-off values distinguishing infection from non-136 

infection. The best PSP, PCT and CRP cut-off values to detect infected patients were 137 

determined using the Youden’s index applied to their respective ROC curves. The cut-off 138 

specific sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), 139 

positive (PLR) and negative (NLR) likelihood ratio were reported for PSP and further compared 140 

to those of PCT and CRP.  141 

Approach combining biomarkers. To explore the potential added value of a model combining 142 

the biomarkers to detect infection, we fitted to the data three logistic regression models with 143 

biomarkers as continuous covariates and tested the following combinations of biomarkers: 144 

PSP and CRP, PSP and PCT; PSP, CRP and PCT. 145 

Statistical packages and version. All P values were two-sided, and statistical significance was 146 

set at a P value of less than 0.05. All analyses were performed using R for Windows (version 147 

3.0.1) with the following packages: ROCit, reportROC, pROC and OptimalCutpoints packages 148 

[22-24]. 149 

  150 
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RESULTS 151 

Study and data collection 152 

Among the 44 records published before March 2019 and identified through the literature 153 

search, 17 full-texts were further assessed for eligibility. Twenty-seven records were excluded 154 

based on review of title and abstracts. Five of the 17 observational studies evaluating the 155 

performance of PSP as a biomarker of infection in adult patients were finally included in the 156 

analysis (Figure 1 and Table 1). The main characteristics of these studies and levels of PSP, 157 

CRP and PCT among infected and non-infected patients are summarized in Tables 1 and 2 as 158 

well as in Supplemental Figure 1. Pooled individual data from 631 patients (371 infected and 159 

260 non-infected) are presented in Supplemental Table 10. The biomarkers were measured in 160 

479 patients admitted to the intensive care unit and in 152 admitted to the emergency room. 161 

The distributions of the three biomarkers significantly differed between infected and non-162 

infected patients (Table 2 and Supplemental Table 10, Supplemental Figures 3A and 3B). 163 

However, the overlap zone between the values of CRP and PCT among infected and non-164 

infected patients was larger than that of PSP (Supplemental Figures 3A and 3B). 165 

While a PSP I2 of 42% indicates only moderate heterogeneity in PSP ability to detect infection, 166 

the intercept I2 of 96% indicates an important heterogeneity in baseline risk of infection among 167 

the studies (Supplemental Figure 4 and Supplemental Table 5). Despite the slight asymmetry 168 

with extreme value given by the PSP effect in the study of Guadiano-Romulado [6], the 169 

classical Egger test did not reject the null symmetry hypothesis corresponding to ‘no bias in 170 

publications’ (Supplemental Figure 5).  171 

Diagnosing infection in hospitalized adult patients using single biomarkers and the 172 

‘single-fit’ fixed-effect model. 173 

PSP performed slightly better than CRP and PCT for detecting infection among adult 174 

hospitalized patients (p=0.044 and p=0.010, DeLong test, Table 3). In a first step, using the 175 

Youden’s index [25] giving equal weight to both sensitivity and specificity, we identified an 176 
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optimal PSP cut-off value of 44.18 ng/ml that best diagnoses infection with an ROC AUC of 177 

0.81 [95% CI 0.78–0.85] (Figure 2A and Table 3). Using that threshold, we calculated the 178 

corresponding positive (0.85 [0.81–0.89]) and negative (0.63 [0.58–0.68]) predictive values for 179 

the detection of infection. The same methods were applied to CRP and PCT. Their respective 180 

ROC AUC values computed threshold values of 99.05 mg/l and 0.2 ng/ml for CRP and PCT, 181 

respectively, were lower: CRP 0.77 [0.73–0.80] and PCT 0.78 [0.74–0.82] (Figure 2B and 182 

Table 3). Supplemental Figure 6 and Supplemental Table 9 display the PSP, CRP and PCT 183 

AUC ROC values using the defined cut-offs presented in Table 3 and applied to each individual 184 

datasets of the five eligible studies.  185 

Diagnosing infection in hospitalized adult patients using combinations of biomarkers. 186 

In a second step, we determined whether various combination of biomarkers would improve 187 

the performance of infection detection among adult hospitalized patients (Supplemental Figure 188 

7 and Supplemental Table 11). The model combining PSP with CRP was better than the one 189 

combining PSP with PCT. When combining PSP to CRP, the performance increased to an 190 

ROC AUC of 0.90 (0.87, 0.92), with a sensitivity of 0.81 (0.77, 0.85), specificity 0.84 (0.79, 191 

0.90), PPV 0.91 (0.88, 0.94) and NPV 0.69 (0.63, 0.75). Adding PCT to the PSP+CRP model 192 

did not further improve performance. 193 

  194 
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DISCUSSION 195 

Since its first description as a potential infection biomarker in patients after trauma [14], 196 

pancreatic stone protein has repeatedly been shown to perform better than CRP and at least 197 

as well as PCT in identifying patients with infection [13-15, 17, 18]. However, in contrast to 198 

PCT [6, 26], no cut-off threshold value has yet been defined for its eventual clinical use.  199 

We were able to obtain raw data from five small observational studies and did a meta-analysis 200 

at the individual patient level to explore the performance of PSP in detecting infection. The 201 

eligible studies were performed in different countries across Europe and included acutely ill 202 

patients from ERs or ICUs. The resulting cohort of 631 hospitalized adult patients 203 

encompassed an important proportion (42%) of patients without infection, which makes it the 204 

largest analysis of this nature on PSP.  205 

Because we observed low heterogeneity of PSP effect despite strong heterogeneity in the 206 

baseline risk of infection among studies, we decided not to adjust for heterogeneity in the 207 

models presented in the main manuscript, because it may not be of clinical relevance (See 208 

Supplemental section for models adjusting for heterogeneity). In the trade-off—adjusting for 209 

heterogeneity and improving performance of the biomarker versus addressing a clinical need 210 

and computing a unique biomarker threshold —we chose to omit adjustment for heterogeneity 211 

especially as we wanted to determine a PSP cut-off value and compare it to those of PCT and 212 

CRP currently largely used at the bedside [6-10].  213 

We applied a stepwise approach to evaluate the performance of PSP and compared it to those 214 

of CRP and PCT for detecting infection in adult hospitalized patients presenting to the ER or 215 

the ICU. In all explored scenarios, PSP achieved a statistically significant better performance 216 

compared to CRP and PCT. Using the Youden’s Index approach, we found a PSP cut-off value 217 

of 44.12 ng/ml, which is approximately four-fold higher than the upper value previously 218 

determined in 61 healthy adult volunteers (min. 4.0, max 18.3, median 10.8 ng/ml) [27]. Using 219 

the same methodology, we found a CRP cut-off value of 99.5 mg/l and a PCT cut-off value of 220 

0.2 ng/ml. Moreover, because there is much less overlap in PSP levels between infected and 221 
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non-infected patients, PSP could guide decisions to start antibiotic treatment, as opposed to 222 

PCT that is currently rather used in ICU patients for antibiotic de-escalation [28] [8, 11].  223 

The inclusion of post-trauma and postoperative populations with a very low baseline risk of 224 

infection might have limited the ability of CRP and PCT to diagnose infection. Previous studies 225 

and meta-analysis exploring the diagnostic value of PCT for the detection of patients with 226 

infection have indeed reported that PCT accuracy and cut-off values are highly dependent on 227 

the clinical settings and the baseline risks for infection [6, 26]. On the other hand, this might 228 

simply have highlighted the possible advantage of PSP over PCT and CRP in particular 229 

situations characterized by severe non-infectious systemic inflammatory states. Two studies 230 

including patients post-burn trauma recently confirmed this observation [29, 30]. Interestingly, 231 

PSP levels rose up to 72 hours before the clinical diagnosis of infection, confirming its potential 232 

role as an early biomarker of infection. 233 

We further explored the value of biomarkers combinations. Combining PSP with CRP 234 

increased the accuracy of detecting infection from an AUC 0.81 to 0.90, a value that is usually 235 

considered as very good [31] and amongst the highest AUCs reported for this setting [4, 8, 9]. 236 

Interestingly, adding CRP to PSP markedly increase the sensitivity while not decreasing the 237 

specificity achieved by PSP alone (Supplemental Table 11). 238 

This study has several strengths, which makes its results potentially generalizable. First, it was 239 

possible to include individual patient data of all published studies that evaluated the value of 240 

PSP to detect infection in hospitalized patients before March 2019. Second, it encompasses 241 

important clinical settings—ICUs and ERs—where early detection of infection is of the utmost 242 

importance in order to guide rapid management [1]. Third, the raw data come from studies 243 

performed in several centres in the UK, Spain and Switzerland, reducing the risk of centre-244 

effect bias. On the other hand, the measurement of PSP level was consistent throughout all 245 

studies, minimizing the risk of methodological bias. Finally, yet importantly, a balanced 246 

proportion of infected and non-infected patients was included in this analysis. 247 
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The main limitation of our study is the heterogeneity of the included populations, mixing 248 

community- and healthcare-acquired infections: some populations were included from medical 249 

emergency admissions with the goal to confirm infection at admission, while other patients 250 

were trauma or surgical patients who were likely to develop infection during hospitalization. 251 

This translates into an important heterogeneity in baseline risk of infection among the studies. 252 

Moreover, the five studies included patients for whom suspected or documented infection was 253 

the main reason of referral, which may limit the generalization of the findings in other 254 

circumstances. In addition, because only one study considered patients in the ER, we could 255 

not investigate subgroup of patients from ERs versus ICUs.  256 

A further important limitation of primary research in infection biomarker evaluation is the lack 257 

of an objective gold standard definition of infection. Nevertheless, each of the five eligible 258 

studies set out clear criteria and procedures, all consistent with one another, using a synthesis 259 

of available clinical, radiological and microbiological evidences to assign each case as infection 260 

or not. Furthermore, the fact that we find low heterogeneity of PSP effect across the range of 261 

studies performed is reassuring that our fundamental observation is not undermined by 262 

variability in case definition. Moreover, the ability of PSP to diagnose infection is confirmed 263 

across all studies.  264 

Our study opens new possibilities for the future use of PSP, including being used as a tool to 265 

optimize antibiotic stewardship program, as a biomarker to guide the decision to start 266 

antibiotics, or as inclusion or stratification criteria for future studies of severe infections. PSP 267 

is now available at the point of care (POC) with a turnaround time of less than 5 minutes [12] 268 

making it highly suitable for situations where time to antibiotic is essential. 269 

The next step would be to validate these results in independent cohorts of patients. As baseline 270 

risk of infection impacts the performance of a diagnostic biomarker and its corresponding 271 

threshold, the validation process would require to perform independent studies in selected 272 

settings (primary care, ER, ICU), each including at best patients with a homogenous baseline 273 

risk of infection. Such a thorough validation process has been performed for PCT [6, 26] in 274 
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large independent cohorts of patients, each with different baseline risk of infection and is still 275 

required before PSP to be routinely used in the clinic.  276 

The benefit of serial measurement of PSP for the early detection of sepsis in intensive care 277 

unit patients has been evaluated in a prospective trial using the new POC technology [32]. This 278 

patient population would be the first ideal cohort to validate the defined threshold in a 279 

homogenous patient population as well as the value of combining PSP to CRP. Both 280 

biomarkers can be now measured using point-of-care technologies; however correction factors 281 

will be required while using new measurement assays and technologies. Finally, our 282 

methodology can be used to further evaluate the value of PSP in detecting the severity of the 283 

infection as well as its prognosis and to define for thresholds for that purpose as well. 284 

CONCLUSIONS 285 

This study confirms that PSP is a promising biomarker to detect infection in hospitalized 286 

patients. Using a cut-off value of 44.18 ng/ml, PSP performs better than CRP or PCT across 287 

the considered studies. The combination of PSP with CRP further enhance its accuracy. 288 

However, further and especially prospective studies are needed to confirm its utility and safety 289 

in the daily clinical use, especially as a potential biomarker to guide the initiation of antibiotics. 290 

 291 

LIST OF ABBREVIATIONS 292 

PSP pancreatic stone protein 293 

PCT procalcitonin 294 

CRP C-reactive protein 295 

ICU intensive care unit 296 

ER emergency room 297 

POC point of care 298 
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