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Abstract
Purpose  To evaluate serum procalcitonin (PCT) and C-reactive protein (CRP) as diagnostic biomarkers of transplant-related 
adverse events (TRAE) in pediatric patients undergoing hematopoietic stem cell transplantation (HSCT).
Methods  This study analyzed PCT and CRP levels of 214 pediatric patients with a median age of 8.5 years (0.4–17.8 years) 
undergoing allogeneic HSCT with respect to major TRAE.
Results  26 patients (12.1%) did not experience TRAE (control group), and 188 (87.9%) experienced median 2 (range 1–4) 
TRAE. Median CRP and PCT were highly and significantly increased during sepsis/SIRS and bacteremia (17.24 mg/dl | 
6.30 ng/ml; p < 0.0001 vs. prior values), graft rejection (14.73 mg/dl | 3.20 ng/ml; p < 0.0001), and liver GvHD (6.88 mg/dl 
| 2.29 ng/ml; p < 0.01). Strong CRP increases and slight/minimal/no PCT increases occurred during fungemia (8.85 mg/dl 
| 0.72 ng/ml; p < 0.001), intestinal GvHD (8.73 mg/dl | 1.06 ng/ml; p < 0.0001), VOD (10.84 mg/dl | 0.59 ng/ml; p < 0.01), 
mucositis (8.84 mg/dl | 0.81 ng/ml; p < 0.0001), and viremia (3.62 mg/dl; p < 0.0001 | 0.43 ng/ml; below normal limit). 
During skin GvHD, CRP and PCT were slightly increased (2.03 mg/dl | 0.93 ng/ml; p < 0.0001).
Conclusions  CRP and PCT did not show congruent changes during TRAE. PCT was a clinically relevant marker for the 
early detection and differentiation of severe mucositis and sepsis/SIRS and bacteremia during the critical neutropenic period 
after HSCT. PCT helped to discriminate acute intestinal GvHD from adenovirus viremia and liver GvHD from hepatic 
VOD. Thus, PCT may be a valuable parameter to enable a prompt and appropriate treatment during these complications, 
improving patient outcomes.
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Introduction

Major developments in transplantation and supportive care 
management have led to a significant reduction of transplant-
related mortality of allogeneic hematopoietic stem cell trans-
plantation (HSCT) in the recent years. In pediatric patients 
with acute lymphoblastic leukemia (ALL), transplant-related 
mortality dropped from over 30% (1984–1992) to approxi-
mately 5% with a significantly improved event-free survival 
(30–60%) (Mateos et al. 2013). Nevertheless, transplant-
related adverse events such as sepsis/systemic inflamma-
tory response syndrome (SIRS), fungal, bacterial, and viral 
infection, graft-versus-host disease (GvHD), veno-occlusive 
disease (VOD), mucositis, graft rejection, and engraftment 
failure not only represent a substantial burden for pediat-
ric patients; they also pose a major challenge to treating 
physicians. Clinical symptoms of infectious complications 
are often difficult to distinguish from non-infectious ones 
such as GvHD. While higher immunosuppressive doses are 
a first-line therapy for GvHD, they can critically exacerbate 
infection. Therefore, early diagnosis and treatment are deci-
sive for patient outcomes. The predictive value of a multi-
tude of serum biomarkers including cytokines and different 
acute-phase proteins and their specific patterns in adverse 
events have been investigated (Baker et al. 1995; Fujita et al. 
2008; Schots et al. 2003; Armand et al. 2007; Grossekat-
thöfer et al. 2013; McDonald et al. 1984; Budde et al. 2017; 
Presland 2016; Tvedt et al. 2016; Sauer et al. 2003).

Procalcitonin (PCT) is a precursor molecule of the hor-
mone calcitonin, which regulates calcium homeostasis. PCT 
transcription takes place in different organ tissues at variable 
quantities, but it is generally very weak in the absence of 
systemic and/or bacterial infection. It is hypothesized that 
during bacterial infection, the PCT transcription activity is 
enhanced either by a specific bacterial transcription factor 
that also enhances PCT transcription, or by displacing a con-
stitutive negative enhancer of the PCT expression. Elevated 
PCT levels could be detected in the lymphocytes, mono-
cytes, and neutrophils of severely infected patients. There 
is further evidence that cytokines secreted during bacte-
rial infection trigger PCT release (Matwiyoff et al. 2012). 
C-reactive protein (CRP) is an acute-phase protein that is 

produced by hepatocytes during different infectious and 
non-infectious processes, and it is the most commonly used 
and recommended biomarker in hemato-oncological patients 
(Klastersky et al. 2016).

Several studies have been conducted that analyze the 
potential role of serum PCT and CRP as predictive and 
diagnostic biomarkers for transplant-related mortality and 
different transplant-related adverse events (mainly infectious 
complications) in adult and pediatric HSCT recipients, with 
somewhat contradictory conclusions. Nevertheless, there is 
evidence that serum PCT might be superior compared to 
CRP in identifying and discriminating transplant-related 
adverse events in pediatric patients (Lyu et al. 2013; Koya 
et al. 2012; Sato et al. 2014; Massaro et al. 2014; Shah et al. 
2017; Miedema et al. 2011; Fleischhack et al. 2000; Ham-
bach et al. 2002).

In this study, serum PCT and CRP levels of a total of 
214 pediatric patients undergoing allogeneic HSCT for 
the treatment of hemato-oncological malignancies and 
non-malignancies were analyzed and correlated to post-
transplant adverse events (graft rejection, mucositis, VOD, 
GvHD, sepsis/SIRS, and bacterial, viral, and fungal infec-
tion). The primary objective of this work was to assess the 
diagnostic and discriminative value of serum PCT and CRP 
in the early identification of transplant-related complications 
in these patients, and to evaluate which of the two biomark-
ers or their combination functions best in critical clinical 
situations.

Materials and methods

Study design

This retrospective study was conducted in accordance with 
the declaration of Helsinki and was performed under the 
waiver for retrospective anonymized studies in accordance 
with the ethics regulations of the Independent Ethics Com-
mittee of the University of Tübingen, Germany (Project no. 
794/2018BO2). The data were collected retrospectively, 
entered in a standardized case-report form and anonymized.

The analysis was comprised of a single patient cohort 
of pediatric patients with hemato-oncological malignancies 
and non-malignancies who underwent allogeneic HSCT at 
the University Children’s Hospital Tübingen. All pediatric 
patients who received a first or second allogeneic HSCT 
were consecutively enrolled. The cohort was subsequently 
divided into two groups of patients without transplant-
related complications as described below (control group; 
CG) and patients who experienced at least one of the 
defined complications (adverse events group; AEG) during 
the observation period. The observation period started on 
the day before the start of the conditioning chemotherapy 
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before HSCT and ended on the day of clinical discharge 
after HSCT.

Control group

Patients who did not experience transplant-related adverse 
events after HSCT, including acute GvHD, VOD, graft 
rejection, sepsis/SIRS and bacteremia, mucositis, viremia, 
and fungemia, were defined as the control group. Their 
median PCT and CRP values during the whole post-trans-
plant period were used for comparison with the values of 
patients who did experience at least one of the aforemen-
tioned transplant-related adverse events.

Criteria for the assessment of post‑transplant 
adverse events

The diagnosis and severity criteria of the European Society 
for Blood and Bone Marrow Transplantation were used to 
diagnose VOD (Corbacioglu et al. 2018; McDonald et al. 
1986). Clinical diagnosis of acute GvHD followed the rec-
ommendations for GvHD grading and staging (Przepiorka 
et al. 1995; Glucksberg et al. 1974). Sepsis/SIRS were diag-
nosed according to the criteria of the International Sepsis 
Consensus Conference on Pediatric Critical Care 2005 
and later revisions and amendments (Goldstein et al. 2005; 
Kawasaki 2017; Dellinger et al. 2013). Bacteremia was 
diagnosed by at least one positive blood culture. Viremia 
was diagnosed by positive PCR testing (> 600 copies/ml) 
from blood for cytomegalovirus (CMV), adenovirus (ADV), 
HHV-6, Epstein–Barr virus (EBV), varicella zoster virus 
(VZV), human herpes simplex virus (HSV), and Parvovirus 
B19. Local, non-invasive infections were defined as a posi-
tive microbiological or virological test of infection in the 
throat, urine, or feces. Proven, probable, or possible invasive 
fungal infections were defined according to the definitions 
of the Infectious Diseases Working Party of the German 
Society for Hematology and Medical Oncology (AGIHO) 
(Ruhnke et al. 2018). Diagnosis and staging of mucositis 
were performed using the WHO grading scale (Bensinger 
et al. 2008; Sonis et al. 2004; World Health Organization 
1979).

Platelet recovery was defined as independence of platelet 
substitution for at least 7 consecutive days and a platelet 
count of > 20.000/µl. Leukocyte and granulocyte engraft-
ment were defined as the first 3 consecutive days during 
which the absolute blood counts included leukocyte counts 
of > 1000/µl and granulocyte counts of > 500/µl, respec-
tively. Graft rejection was defined as a recurrent pancyto-
penia with leukocytes < 1000/µl and granulocytes < 500/µl 
in the peripheral blood after successful engraftment, and a 
mixed chimerism with ≥ 60% autologous cells as confirmed 
by weekly PCR testing. Non-engraftment was identified by 

missing granulocytes engraftment in the peripheral blood 
within the first 28 days after HSCT and confirmed by bone 
marrow biopsy (Spitzer 2001; Schmid et al. 2008). Engraft-
ment syndrome is a constellation of clinical symptoms 
including fever, maculopapular rash, fluid retention and 
weight gain, capillary leak, diarrhea, encephalopathy, and 
renal or hepatic dysfunction (Spitzer 2001; Schmid et al. 
2008).

Blood sampling and laboratory analyses

PCT plasma levels were measured as part of routine blood 
analyses on the day before the start of conditioning chemo-
therapy, three times a week during the conditioning period, 
and at least three times a week after HSCT until in-patient 
discharge. CRP was measured daily as part of routine blood 
analyses beginning on the day before starting the condition-
ing and continuing until in-patient discharge. Laboratory 
analyses were performed at the Central Laboratory of the 
University Hospital Tübingen. Serum PCT (in lithium hepa-
rin anticoagulated peripheral blood) was determined from 
time-resolved amplified cryptate emission using a solid-
phase bound monoclonal katacalcin antibody and a polyva-
lent calcitonin antibody. Normal PCT values were defined 
as ≤ 0.5 ng/ml. Serum CRP (in lithium heparin anticoagu-
lated peripheral blood) was determined via immunoturbi-
dimetry using an anti-CRP antibody and by measuring the 
change of extinction of the sample at 340 nm. Normal CRP 
values were defined as ≤ 0.5 mg/dl.

Concomitant medication

All patients received a standard prophylaxis against viral, 
fungal, and bacterial infections (virostatics, fungistatics, and 
metronidazole), and GvHD (cyclosporine A, methotrexate, 
mycophenolate mofetil, anti-thymocyte globulin (ATG), and 
thymoglobulin).

Aciclovir was administered (starting on the day before 
starting the conditioning chemotherapy; 3 × 250 mg/m2 body 
surface area (BSA); as a short infusion) in patients receiving 
grafts from a matched unrelated donor (MUD). In patients 
undergoing haploidentical HSCT from a mismatched family 
donor (MMFD), the same antiviral prophylaxis was admin-
istered, when both donor and recipient were CMV negative. 
When both or one of them was CMV positive, ganciclo-
vir (2 × 5 mg/kg BW per day) was given during condition-
ing until the day of HSCT, and beginning on day + 1 after 
HSCT, the patients received foscarnet (1 × 90 mg/kg BW 
per day).

Independent of the type of transplantation, all patients 
received antifungal prophylaxis with liposomal amphotericin 
B (1 × 1 mg/kg BW per day) during conditioning chemother-
apy. During fever of unknown origin, the dose was adjusted 
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to 3 mg/kg BW per day. On day + 1 after HSCT, the antifun-
gal prophylaxis was changed to caspofungin (1 × 50 mg/m2 
BSA per day; max. 50 mg).

All patients received an antimicrobial prophylaxis until 
the first occurrence of fever with metronidazole (21 mg/kg 
BW in two separated doses). In addition, all patients received 
a Pneumocystis carinii prophylaxis with cotrimoxazole (sul-
famethoxazole/trimethoprim; 5 mg/kg BW per day in two 
separated doses; max. 2 × 80 mg trimethoprim).

Beginning on the fourth day after HSCT, almost all 
patients received granulocyte colony-stimulating factor at 
5 µg per kg of body weight and day (µg kg−1 BW−1 d−1) until 
stabilization of leukocytes (> 1.000/µl peripheral blood) and 
neutrophils (> 500/µl peripheral blood).

Statistical analysis

A total of 214 patients met the inclusion criteria and were 
enrolled in the analysis. PCT and CRP serum concentrations 
of each patient were determined before the start of condi-
tioning chemotherapy. The “before” values were identified 
as the last determined concentrations before occurrence of 
first clinical symptoms of a transplant-related adverse event 
(1–7 days before diagnosis). “During” values referred to 
the highest serum levels that were determined during the 
time in which an adverse event was diagnosed according 
to the described criteria. “End” values were defined as the 
highest PCT or CRP serum concentration after clinical and 
laboratory-chemical symptoms of the respective episode of 
an adverse event had completely resolved.

PCT and CRP levels of these points in time were deter-
mined as median, mean ± standard deviation (SD), and range 
(minimum to maximum values), and are presented in the 
figures as bar charts (median ± 95% confidence interval).

Due to frequent non-normality (too small or unequal sam-
ple sizes) of data sets as tested by the Shapiro–Wilk normal-
ity test, non-parametric statistical tests were applied. Distri-
butions of patient characteristics were compared between 
both groups using a Fisher’s exact test.

Only clinically relevant changes, i.e., increases beyond 
the upper normal limits of median CRP and PCT values of 
the respective subgroup (e.g. patients with viremia), were 
included in the final statistical analyses for comparison 
against “before” values or results of the control group.

Median values of the control group were chosen to dis-
play parameter concentrations without clinical symptoms 
and to enable a differentiation of normal and pathological 
values. Results of the control group values were compared to 
“before”, “during” and “end” values using a Mann–Whitney 
U test. A Wilcoxon matched-pairs signed rank test was used 
to compare before and during values.

Graphs and statistical tests were created with GraphPad 
Prism version 7.03 for Windows (GraphPad Software. Inc., 

La Jolla, CA, USA). P values < 0.05 (*), < 0.01 (**), < 0.001 
(***), and < 0.0001 (****) were defined as statistically sig-
nificant and are symbolized in the bar charts.

Results

Observation period

The median observation period in the control group and the 
adverse events group was 79 days (range 25–245 days) and 
included the time of measurement directly before the start of 
conditioning, until the day of clinical discharge.

Patient characteristics

The patient group consisted of 214 consecutive pediatric 
patients (120 males; 56.1%) with a median age of 8.5 years 
(range 0.4–17.8 years) who underwent allogeneic HSCT for 
hemato-oncological malignancies and non-malignancies. 
The patients received stem cell transplants from an MMFD 
(n = 105; 49.1%), a matched family donor (MFD; n = 38; 
17.8%), a mismatched unrelated donor (MMUD; n = 2; 
0.9%), or an MUD (n = 69; 32.2%). Of these 214 patients, 
188 (87.9%) patients with a median age of 8.8 years (range 
0.4–17.8 years) experienced exclusive adverse events (AE 
group) including graft rejection (n = 13; 6.1%), skin GvHD 
(n = 50; 23.4%), intestinal GvHD (n = 16; 7.5%), liver GvHD 
(n = 5; 2.3%), VOD (n = 13; 6.1%), sepsis/SIRS and bacte-
remia (n = 38; 17.8%), viremia (n = 55; 25.7%), fungemia 
(n = 16, 7.5%), and mucositis °III and °IV (n = 95; 44.4%). 
The remaining 26 patients (12.1%) did not experience trans-
plant-related adverse events and were defined as the control 
group.

From the 188 patients of the AE group, 166 (88.3%) 
experienced more than one (median 2, range 1–4) AE dur-
ing their in-patient stay after HSCT. An example of this is a 
patient developing a skin GvHD and later, at a separate time, 
a CMV infection. Episodes in which patients were diagnosed 
with more than one of these AE at the same time were not 
analyzed. A significant difference in the distribution of 
underlying diseases, therapy regimens, or donor types in the 
two patient groups was not detected. During the observation 
period, 8 of the 214 (3.7%) pediatric patients died, all from 
multi-organ failure. Patient characteristics are summarized 
in Table 1.

Control group

The CG consisted of 26 of the 214 (12.1%) pediatric 
patients and comprised a median age of 7.4 years (range 
0.6–17.7 years). The median PCT value of the CG was 
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significantly below (p = 0.0043) the normal limit at 0.23 
(range 0.09–1.11 ng/ml). The median CRP value was 0.16 
(range 0.01–0.82 mg/dl) and thus also significantly below 
(p < 0.0001) the normal limit.

ATG administration

The T-cell antibody anti-thymocyte globulin (ATG) is part 
of various conditioning protocols prior to allogeneic HSCT: 
ATG is administered on three consecutive days between 

Table 1   Patient characteristics

HSCT hematopoietic stem cell transplantation, MHC major histocompatibility complex, n sample size, p 
probability value. P value determined by Fisher’s exact test

Total Total Adverse events 
group

Control group p

n (%) n (%) n (%)

214 (100.0) 188 (87.9) 26 (12.1)

Age (years)
Median 8.5 8.8 7.4
0–2 23 (10.7) 17 (9.0) 6 (23.1) 0.0423
3–6 62 (29.0) 56 (29.8) 6 (23.1) 0.6453
7–12 63 (29.4) 53 (28.2) 10 (38.5) 0.3580
13–17 66 (30.8) 62 (33.0) 4 (15.4) 0.0741
Sex
Male 120 (56.1) 107 (56.9) 13 (50.0) 0.5530
Female 94 (43.9) 81 (43.1) 13 (50.0) 0.5530
Diagnosis
Acute lymphoblastic leukemia (relapse) 64 (29.9) 58 (30.9) 6 (23.1) 0.4986
Acute myeloid leukemia (relapse) 27 (12.6) 27 (14.4) 0 (0.0) 0.0519
β-Thalassemia major 10 (4.7) 9 (4.8) 1 (3.8) > 0.9999
Chronic myeloid leukemia 4 (1.9) 3 (1.6) 1 (3.8) 0.4067
Ewing’s sarcoma 3 (1.4) 2 (1.1) 1 (3.8) 0.3233
Fanconi anemia 5 (2.3) 4 (2.1) 1 (3.8) 0.4802
Juvenile myelomonocytic leukemia 6 (2.8) 5 (2.7) 1 (3.8) 0.5448
M. Tay-Sachs 4 (1.9) 3 (1.6) 1 (3.8) 0.4067
Myelodysplastic syndromes 15 (7.0) 12 (6.4) 3 (11.5) 0.4020
MHC II defect 3 (1.4) 2 (1.1) 1 (3.8) 0.3233
Metachromatic leukodystrophy 6 (2.8) 3 (1.6) 3 (11.5) 0.0250
Neuroblastoma 22 (10.3) 19 (10.1) 3 (11.5) 0.7364
Rhabdomyosarcoma 5 (2.3) 4 (2.1) 1 (3.8) 0.4802
Severe combined immunodeficiency 5 (2.3) 4 (2.1) 1 (3.8) 0.4802
Severe aplastic anemia 8 (3.7) 7 (3.7) 1 (3.8) > 0.9999
Sickle cell anemia 3 (1.4) 3 (1.6) 0 (0.0) > 0.9999
Other 24 (11.2) 23 (12.2) 1 (3.8) 0.3225
Conditioning
Reduced-intensity conditioning 23 (10.7) 20 (10.6) 3 (11.5) > 0.9999
Myeloablative conditioning 191 (89.3) 168 (89.4) 23 (88.5) > 0.9999
Total body irradiation 20 (9.3) 18 (9.6) 2 (7.7) > 0.9999
HSCT donor
Matched family donor 38 (17.8) 36 (19.1) 2 (7.7) 0.1817
Matched unrelated donor 69 (32.2) 59 (31.4) 10 (38.5) 0.5051
Mismatched unrelated donor 2 (0.9) 2 (1.1) 0 (0.0) > 0.9999
Mismatched family donor 105 (49.1) 91 (48.4) 14 (53.8) 0.6779
Death
Died during observation period 8 (3.7) 8 (4.3) 0 (0.0) 0.5998
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day 12 and day 1 (depending on the conditioning protocol) 
before HSCT and leads to early increases of CRP and PCT 
on the subsequent day that both usually normalize within 
3 days (Arber et al. 2000).

ATG was administered to 191 of 214 patients (89.3%) 
during the conditioning chemotherapy before HSCT, from 

which 149 (78.0%) subsequently developed temporary 
fever > 38.5 °C. Median PCT and CRP values significantly 
(p < 0.0001) increased to 1.17 ng/ml (range 0.05–38.0 ng/
ml) and 4.60 (0.01–32.01 mg/dl), and subsequently declined 
within 3 days to 0.27 ng/ml (range 0.03–3.13 ng/ml) and 
0.75 mg/dl (range 0.01–3.25 mg/dl), respectively.
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Acute GvHD

Acute GvHD occurred in 71 (33.2%) of the 214 patients, of 
whom 50 patients (70.4%) had acute skin GvHD (median 
stage 2, range 1–3), 16 (22.5%) had acute intestinal GvHD 
(median stage 3, range 2–4), and 5 (7.0%) had acute liver 
GvHD (median stage 2, range 2–3). Of the 71 patients, 10 
(14.1%) initially had GvHD manifestations on their skin 
and later in the intestine, three of the patients (4.2%) ini-
tially had skin GvHD and then developed liver GvHD, and 
one patient (1.4%) gradually developed skin, intestinal, 
and then liver GvHD.

During skin GvHD, the median PCT blood levels 
slightly increased (vs. “before”: p < 0.0001; vs. control 
group: p < 0.0001) to 0.93 ng/ml (range 0.02–4.34 ng/ml). 
During intestinal and liver GvHD, the median PCT blood 
levels significantly increased (vs. “before”: p < 0.0001; 
vs. control group: p < 0.0001) to 1.06  ng/ml (range 
0.19–5.55 ng/ml), and to 2.29 ng/ml (range 1.02–4.20 ng/
ml), respectively.

Median CRP blood levels during skin GvHD signifi-
cantly increased (vs. “before”: p < 0.0001; vs. control 
group: p < 0.0001) to 2.03 mg/dl (range 0.04–21.63 mg/
dl). During intestinal and liver GvHD, the median CRP 
blood levels highly and significantly increased (vs. 
“before”: p < 0.0001; vs. control group: p < 0.0001) to 
8.73 mg/dl (range 3.24–32.37 mg/dl) and to 6.88 mg/dl 
(range 3.40–24.90 mg/dl), respectively (Fig. 1a).

Sepsis/SIRS and bacteremia

Sepsis/SIRS and bacteremia occurred in 38 (17.8%) of 
the 214 patients. During sepsis/SIRS and bacteremia, the 
median PCT blood levels significantly and highly increased 
(vs. “before”: p < 0.0001; vs. control group: p < 0.0001) to 
6.30 ng/ml (range 1.08–69.89 ng/ml). Likewise, the median 
CRP blood levels significantly and highly increased (vs. 
“before”: p < 0.0001; vs. control group: p < 0.0001) to 
17.24 mg/dl (range 1.48–49.47 mg/dl) (Fig. 1b).

Viremia

Viremia occurred in 55 (25.7%) of the 214 patients. ADV 
viremia was detected in 14 (25.5%) patients, BKV in 19 
(34.5%) patients, CMV in 16 (29.1%) patients, EBV in 7 
(49.1%) patients, HHV-6 in 11 (20.0%) patients, and HSV in 
2 (3.6%) patients. In 9 of the 55 patients (16.4%), simultane-
ous infection with two viruses was detected (ADV + CMV, 
ADV + EBV, and BKV + HSV). In 2 of the 55 patients 
(3.6%), a viremia caused by a simultaneous infection with 
ADV, HHV-6, and BKV was diagnosed. During viremia, the 
median PCT blood levels did not significantly (p = 0.3866) 
increase beyond the normal limit to 0.43  ng/ml (range 
0.07–2.12 ng/ml), whereas the median CRP blood levels 
significantly increased (vs. “before”: p < 0.0001; vs. control 
group: p < 0.0001) to 3.62 mg/dl (range 0.06–15.60 mg/dl).

The 14 patients, who experienced ADV viremia, had sig-
nificantly elevated median CRP levels at 2.32 mg/dl (range 
1.01–10.87 mg/dl; p < 0.0001) during viremia, whereas 
median PCT levels remained below the upper normal limit 
at 0.38 ng/ml (range 0.10–2.12 ng/ml) (Fig. 1b).

Fungemia

Fungemia occurred in 16 (7.5%) of the 214 patients. In 14 
(87.5%) of the 16 patients, Aspergillus ssp. were detected; 
13 of them had a positive proof of Aspergillus galactoman-
nan antigen in the peripheral blood in at least two consecu-
tive serum samples. Six of these 13 patients had an increase 
of galactomannan antigen only, while the seven others had 
additional clinical signs including cough, dyspnea, or fever. 
Three of them were diagnosed with an aspergilloma in the 
lung proven by a bronchoalveolar lavage. Two (12.5%) of 
the 16 patients with fungemia were diagnosed with Fusar-
ium spp. fungemia proven by a bronchoalveolar lavage. In 
total, 5 of 16 patients (31.3%) had a proven invasive fungal 
infection, 7 (43.8%) had a probable invasive fungal infec-
tion with positive galactomannan antigen proof and posi-
tive clinical signs, and the remaining 4 patients (25.0%) had 
a possible invasive fungal infection with positive proof of 
galactomannan antigen only (Ruhnke et al. 2018). During 
fungemia, the median PCT blood levels slightly increased 

Fig. 1   PCT and CRP serum levels during transplant-related adverse 
events. The graph shows median + 95% confidence interval of serum 
levels of PCT (left) and CRP (right) in pediatric patients after allo-
geneic hematopoietic stem cell transplantation. Median values of 
pediatric patients during different transplant-related adverse events 
(graft rejection, VOD, mucositis, acute GvHD, sepsis/SIRS and bac-
teremia, viremia, and fungemia) were compared to median serum lev-
els of patients, who did not experience any of these adverse events in 
the post-transplant period [control group; PCT: median 0.23 (range 
0.09–1.11  ng/ml); CRP: median 0.16 (range 0.01–0.82  mg/dl)]. a 
During acute skin, intestinal and liver GvHD, PCT levels moderately 
(p < 0.01) and CRP levels strongly (p < 0.001) increased. b Median 
PCT levels strongly increased during sepsis/SIRS and bacteremia 
(p < 0.0001) and moderately increased during fungemia (p < 0.001). 
Median CRP levels strongly increased during sepsis/SIRS and bac-
teremia (p < 0.0001) and fungemia (p < 0.0001) and moderately 
increased during viremia (p < 0.0001). c Median PCT levels moder-
ately increased after ATG administration (p < 0.0001), during graft 
rejection (p < 0.0001) and during engraftment syndrome (p < 0.01). 
Median CRP levels moderately increased after ATG administration 
(p < 0.0001) and strongly increased during graft rejection (p < 0.0001) 
and engraftment syndrome (p < 0.0001) d Median PCT levels slightly 
increased during VOD (p < 0.01) and mucositis (p < 0.0001), while 
CRP strongly increased during both VOD and mucositis (p < 0.0001). 
Dotted horizontal lines indicate upper normal limits of PCT (0.5 ng/
ml) and CRP (0.5  mg/dl). Symbols indicate *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001

◂
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(vs. “before”: p = 0.0007; vs. control group: p = 0.0002) to 
0.72 ng/ml (range 0.22–1.92 ng/ml), while median CRP 
levels significantly and highly increased (vs. “before”: 
p < 0.0001; vs. control group: p < 0.0001) to 8.85 mg/dl 
(range 2.30–28.41 mg/dl) (Fig. 1b).

Graft rejection

Graft rejection occurred in 13 (6.1%) of the 214 patients. 
During graft rejection, the median PCT blood levels sig-
nificantly (vs. “before” and vs. control group: p < 0.0001) 
increased to 3.2 ng/ml (range 1.04–99.7 ng/ml) and the 
median CRP blood levels significantly and highly increased 
(vs. “before” and vs. control group: p < 0.0001) to 14.73 mg/
dl (range 5.45–30.19 mg/dl) (Fig. 1c).

Engraftment syndrome

Engraftment syndrome occurred in 10 (4.7%) of the 214 
patients. During engraftment syndrome, the median PCT 
blood levels slightly increased (vs. “before” and vs. con-
trol group: p < 0.01) to 1.43 ng/ml (range 0.30–3.82 ng/
ml), while the median CRP levels significantly and highly 
increased (vs. “before” and vs. control group: p < 0.0001) to 
14.03 mg/dl (range 2.85–29.29 mg/dl) (Fig. 1c).

Veno‑occlusive disease

VOD occurred in 13 (6.1%) of the 214 patients. During 
VOD, the median PCT blood levels slightly increased (vs. 
“before”: p = 0.0013; vs. control group: p = 0.0002) to 
0.59 ng/ml (range 0.20–3.27 ng/ml). Median CRP signifi-
cantly and highly increased (vs. “before” and vs. control 
group: p < 0.0001) to 10.84 mg/dl (range 4.53–19.97 mg/
dl) (Fig. 1d).

Mucositis

Mucositis occurred in 95 of 214 (44.4%) patients. Mucosi-
tis °III was diagnosed in 5 (5.3%) and °IV in 90 (94.7%) 
of them. During mucositis, the median PCT blood levels 
slightly increased (vs. “before”: p < 0.0001; vs. control 
group: p < 0.0001) to 0.81  ng/ml (range 0.02–3.80  ng/
ml), while the median CRP blood levels significantly and 
strongly increased (vs. “before”: p < 0.0001; vs. control 
group: p < 0.0001) to 8.84 mg/dl (range 2.04–34.61 mg/dl) 
(Fig. 1d).

In summary, large and significant simultaneous elevations 
of PCT and CRP occurred during sepsis/SIRS and bacte-
remia, graft rejection, and liver GvHD. The combination 
of highly elevated CRP (> 8 mg/dl) and slight increases of 
PCT occurred during engraftment syndrome, fungemia, 
and intestinal GvHD. Large increases of CRP (> 8 mg/dl) 

with minimal increases of PCT occurred during VOD and 
mucositis. During skin GvHD, CRP and PCT were moder-
ately (> 3 mg/dl) and mildly (> 0.9 ng/ml) elevated, respec-
tively. During viremia, CRP values moderately increased, 
whereas PCT values remained below the normal limit. 
Detailed results are displayed in the supplementary Tables 
S1 and S2. Comparisons of the median PCT and CRP serum 
values during different transplant-related adverse events, 
which are clinically difficult to differentiate, are displayed 
in Fig. 2.

Discussion

Pediatric oncology patients undergoing HSCT are gener-
ally at high risk for infectious complications, GvHD, VOD, 
mucositis, and other transplant-related adverse events. 
Immediate and proper treatment is essential for positive 
patient outcomes. In this analysis, serum PCT and CRP val-
ues of pediatric HSCT recipients were correlated to trans-
plant-related adverse events to evaluate their diagnostic or 
discriminative value during these complications.

ATG administration

The administration of ATG during the conditioning period 
before HSCT led to fever > 38.5 °C in 78% of the patients 
and a temporary significant increase of both CRP and PCT. 
These values declined within 3 days and were thus not clini-
cally relevant for the analyses of post-transplant complica-
tions. The transient increases of the body temperature and 
serum levels of PCT and CRP are in accordance with previ-
ously published data. (Arber et al. 2000).

Sepsis/SIRS and bacteremia and mucositis

Mucositis is a severe and painful complication follow-
ing high-dose chemotherapy that leads to ulcerations of 
the mucous membrane. It usually occurs within the first 
7–14 days after HSCT, i.e., the critical neutropenic period 
after HSCT, in which patients are also at the highest risk 
for severe infection and sepsis. Both complications are 
regularly difficult to differentiate during fever in the early 
neutropenic period after HSCT. It is, therefore, of critical 
importance to differentiate life-threatening sepsis, which 
requires immediate antimicrobial therapy and intensive 
care, from less critical mucositis, which is treated with 
analgesics including morphine derivatives (Kawasaki 
2017; Jacobs et al. 2013). In the present analysis, severe 
mucositis (mainly °IV) was characterized by highly 
elevated CRP (median 8.84 mg/dL) but only minimally 
increased PCT (median 0.81 ng/ml), whereas an increase 
of both PCT and CRP during febrile episodes occurred in 
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the course of sepsis/SIRS and bacteremia (median CRP 
17.24 mg/dl; median PCT 6.30 ng/ml). These results were 
in accordance with a prospective study analyzing 116 epi-
sodes of febrile neutropenia occurring in 88 adult patients 
after HSCT or chemotherapy, showing that PCT was able 
to distinguish major bacterial infection from mucositis 

and GvHD. PCT was not considerably elevated beyond 
1 ng/ml in patients experiencing mucositis or GvHD (Sar-
mati et al. 2010).

Fig. 2   Specific comparisons. The graph shows comparisons of 
median PCT and CRP serum values during different post-transplant 
conditions. a Sepsis/SIRS and bacteremia vs. engraftment syndrome 
vs. graft rejection: these three complications regularly occur dur-
ing the early post-transplant period until day 30 after HSCT. Sepsis/
SIRS and bacteremia were characterized by strong increases of both 
PCT and CRP; graft rejection was accompanied by strong increases 
of CRP and moderately-to-highly increased PCT values, while in 
contrast during engraftment syndrome, strong increases of CRP but 
only slight increases of PCT occurred (PCT: Sepsis/SIRS and bacte-
remia vs. graft rejection: p = 0.1640; Sepsis/SIRS and bacteremia vs. 
engraftment syndrome: p < 0.0001; engraftment syndrome vs. graft 
rejection: p = 0.0890 | CRP: Sepsis/SIRS and bacteremia vs. graft 
rejection: p = 0.1996; Sepsis/SIRS and bacteremia vs. engraftment 
syndrome: p = 0.3070; engraftment syndrome vs. graft rejection: 
p = 0.9758). b Mucositis vs. sepsis/SIRS and bacteremia: mucosi-
tis and sepsis regularly occur in the early aplastic phase in the first 
14 days after HSCT and require distinctly different therapeutic inter-
ventions. Sepsis/SIRS and bacteremia were characterized by strong 
increases of both PCT and CRP, while mucositis was accompanied 

by strong increases of CRP but only minimal increases of PCT (CRP: 
p < 0.0001 | PCT: p < 0.0001). c VOD vs. acute liver GvHD: both 
complications occur during the early post-transplant period until day 
30 after HSCT. While VOD was accompanied by strong increases 
of CRP and minimal increases of PCT, acute liver GvHD was char-
acterized by moderate-to-strong increases of CRP and higher PCT 
increases compared to VOD (PCT: p = 0.0987 | CRP: p = 0.1784). d 
Viremia vs. acute intestinal GvHD. Both complications may occur 
during the early post-transplant period until day 30 after HSCT and 
require different therapies. While acute intestinal GvHD was char-
acterized by highly elevated CRP and moderately increased PCT, 
viremia was accompanied by strong CRP increases and negative 
PCT (PCT: p = 0.0006 | CRP: p = 0.0040). e Especially, ADV viremia 
is often difficult to differentiate from acute intestinal GvHD. While 
acute intestinal GvHD was accompanied by highly elevated CRP and 
moderately increased PCT, ADV viremia was characterized by CRP 
increases and negative PCT (PCT: p = 0.0568 | CRP: p = 0.0079). 
Dotted horizontal lines indicate upper normal limits of PCT (0.5 ng/
ml) and CRP (0.5  mg/dl). Symbols indicate *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001
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Viremia and intestinal GvHD

GvHD is a severe inflammatory complication after HSCT 
that usually occurs 14–28 days after HSCT, i.e., the time of 
T-cell regeneration. Acute GvHD requires intensive immu-
nosuppressive treatment including corticosteroids or anti-
proliferative agents. Clinically, an acute intestinal GvHD is 
difficult to differentiate from for example a gastrointestinal 
viral infection with ADV. In both cases, the patients may 
present with fever, abdominal pain, diarrhea, nausea, and 
vomiting. Especially, ADV viremia is usually difficult to 
differentiate from an intestinal GvHD. According to inter-
national guidelines, it is necessary to do histopathological 
staining of intestinal biopsies to secure the diagnosis of an 
intestinal GvHD. However, PCR testing for ADV infection 
and molecular pathological analyses may take at least sev-
eral hours up to several days as opposed to laboratory testing 
for PCT and CRP (max. 1–2 h), which may help to make or 
support an early therapeutic decision.

The results of this analysis show that viremia did not 
cause elevations of PCT beyond the normal limit (median 
0.43 ng/ml), while CRP was significantly increased (median 
of 3.62 mg/dl). Especially during ADV infection of the feces 
and ADV viremia, PCT serum levels remained below the 
normal limit, while CRP levels significantly increased. In 
contrast to viremia, acute intestinal GvHD was accompanied 
by significantly elevated PCT and highly increased CRP.

This is in accordance with the existing data for adult 
patients after HSCT experiencing viral respiratory com-
plications, as analyzed in a prospective study on 157 stem 
cell recipients (Lucena et al. 2017). In another retrospective 
analysis of 821 febrile episodes of a total of 316 pediatric 
patients undergoing chemotherapy or HSCT (n = 59), it was 
shown that from a total of 27 episodes with documented 
viral infection, approximately 56% had PCT serum concen-
trations of ≥ 0.7 ng/ml, which is rather contradictory to our 
results (Gunasekaran et al. 2016).

Sepsis/SIRS and bacteremia, graft rejection, 
and engraftment syndrome

Sepsis/SIRS and bacteremia, graft rejection, and engraft-
ment syndrome are all major and life-threatening com-
plications after HSCT, and usually occur during the early 
post-transplant period until day 30 after HSCT. They are 
accompanied by persistent high fever > 39.0 °C. In the pre-
sent analysis, serum CRP values strongly increased during 
sepsis/SIRS and bacteremia, graft rejection, and engraftment 
syndrome, which is in accordance with published pediatric 
data (Sauer et al. 2003; Sauer et al. 2000). CRP could not 
be used as a discriminative biomarker during these compli-
cations. In contrast, PCT was strongly elevated during sep-
sis/SIRS and bacteremia, but it only moderately increased 

during graft rejection and minimally increased during 
engraftment syndrome. In a small prospective study of 30 
pediatric patients (1–21 years of age), from which five devel-
oped engraftment syndrome after allogeneic HSCT, median 
maximum PCT values were 2.05 ng/ml (range 0.95–6.80 ng/
ml), and thus comparable to our data (Shah et al. 2017).

Fungemia

The median PCT values in patients experiencing fungemia 
in this analysis were minimally elevated to 0.72 ng/ml, being 
accompanied by strong increases of CRP serum concentra-
tions. This is in accordance with an analysis of 34 adult 
hemato-oncological patients undergoing chemotherapy or 
allogeneic HSCT, in which it was shown that during bacte-
rial infection, CRP and PCT were both substantially elevated 
while the fungal infection was characterized by high CRP 
values and minimal or no increases of PCT (Markova et al. 
2013). An analysis of 28 adult HSCT patients detected a 
more valuable role of PCT than C-reactive protein (CRP) in 
differentiating bacterial and fungal infections (Koya et al. 
2012).

Liver GvHD and VOD

VOD usually occurs during the early post-transplant period 
until day 30 after HSCT and needs to be differentiated from 
acute liver GvHD. During both complications, patients 
may present with fever, elevated serum bilirubin, or right 
upper quadrant pain (liver pain). In the present analysis, 
it was shown that hepatic VOD was accompanied with 
highly elevated CRP (median 10.84 mg/dl) and minimally 
increased PCT (median 0.59 ng/ml), whereas GvHD of the 
liver showed significantly elevated serum levels of both 
PCT (median 2.29 ng/ml) and CRP (median 6.88 mg/dl). 
Although the number of patients with acute liver GvHD does 
not allow one to make a statistically reliable statement, it can 
be noted that 100% of the patients had significantly elevated 
PCT (> 1 ng/ml) and CRP (> 3 mg/dl) serum levels. Com-
parable pediatric or adult studies that included data on PCT 
serum levels during acute liver GvHD were not found.

Conclusion

In the present analysis, it was shown that PCT is superior 
to CRP in the diagnosis of different, clinically relevant 
transplant-related complications. In contrast to CRP, PCT 
helped to differentiate mucositis from sepsis/SIRS and bac-
teremia, acute intestinal GvHD from adenovirus viremia, 
and graft rejection from engraftment syndrome and sepsis/
SIRS. Due to the small number of analyzed patients with 
liver GvHD, a definitive statement on the discriminative 
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value of PCT and CRP in differentiation of patients with 
VOD could not be made. However, it was shown that dur-
ing hepatic GvHD, PCT and CRP were both elevated, while 
during hepatic VOD, serum PCT levels had only minimally 
increased. Larger prospective studies are needed to evaluate 
these findings.
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