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BACKGROUND: Currently, several indole markers are
measured separately to support diagnosis and follow-up
of patients with neuroendocrine tumors (NETs). We
have developed a sensitive mass spectrometry method that
simultaneously quantifies all relevant tryptophan-related
indoles (tryptophan, 5-hydroxytryptophan, serotonin,
5-hydroxyindoleacetic acid) in platelet-rich plasma. Direct-
matrix derivatization was used to make the chemical prop-
erties of the indoles uniform and to improve the analytical
sensitivity and specificity of the assay.

METHODS: In situ derivatization was performed directly
in platelet-rich plasma with propionic anhydride at an
ambient temperature. The derivatized indoles were ex-
tracted by online solid-phase extraction and eluted to the
analytical column for separation followed by mass spec-
trometric detection. The method was validated according
to international guidelines. Platelet-rich plasma samples
from 68 healthy individuals and 40 NET patients were
analyzed for tryptophan, 5-hydroxytryptophan, sero-
tonin, and 5-hydroxyindoleacetic acid.

RESULTS: The method reproducibly quantified relevant
indoles in 8.5 min, including online sample cleanup.
Intra- and interassay imprecision, evaluated at 3 different
concentrations, ranged from 2.0% to 12% and 1.9% to
13%, respectively. The limit of quantification was suffi-
cient to measure endogenous concentrations of all 4 in-
doles. Healthy individuals and NET patients had differ-
ent concentrations of 5-hydroxytryptophan, serotonin,
and 5-hydroxyindoleacetic acid, but tryptophan concen-
trations were the same.

CONCLUSIONS: Direct-matrix derivatization in combina-
tion with LC-MS/MS is a powerful tool for the simulta-
neous quantification of all tryptophan-related indoles in
platelet-rich plasma. Simultaneous profiling of relevant
indoles improves the biochemical characterization and
follow-up of NETs.
© 2019 American Association for Clinical Chemistry

Neuroendocrine tumors (NETs)4 are a relatively rare het-
erogeneous group of tumors that arise from enterochro-
maffin cells located in neuroendocrine tissues through-
out the body (1, 2 ). NETs can produce and secrete a
variety of active neuroendocrine substances including se-
rotonin and other biogenic amines, chromogranin A,
gastrin, and vasoactive intestinal peptide (3–6 ). Small
intestine NETs can produce excessive serotonin, espe-
cially when they metastasize to the liver. Excessive sero-
tonin production causes carcinoid syndrome symptoms.
Prolonged overuse of tryptophan by the NET to produce
serotonin can lead to tryptophan depletion (7 ).

Several tryptophan-related indole markers have been
used to biochemically characterize NETs. Measurement
of the serotonin metabolite 5-hydroxyindoleacetic acid
(5-HIAA) in urine collected over 24 h (24-h urine) is
recommended for diagnosis and follow-up of patients
with NETs according to the guidelines of the European
Neuroendocrine Tumor Society and the National Com-
prehensive Cancer Network (8, 9 ). Plasma 5-HIAA in-
stead of urinary 5-HIAA was advocated for the diagnosis
and follow-up of NETs (10–12). Plasma 5-HIAA is
more convenient for patients and avoids potential errors.
However, both 5-HIAA in plasma and 5-HIAA in urine
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can be influenced by serotonin-containing foods
(13, 14 ). Serotonin in platelet-rich plasma (PRP) is un-
affected by short-term dietary intake of serotonin-
containing food (15, 16 ). Additionally, PRP serotonin
has a higher diagnostic accuracy than urinary 5-HIAA,
especially for relatively low serotonin-producing NETs.
Increased tumor-derived serotonin production can be de-
tected more accurately in the smaller, more regulated
platelet serotonin pool than in the larger urinary sero-
tonin metabolite (5-HIAA) pool (15 ). Serotonin secre-
tion by a NET can exceed the maximum uptake capacity
of the total platelet pool; therefore, urinary 5-HIAA is a
better marker to monitor patients with (strongly) in-
creased serotonin production. The precursor of sero-
tonin, 5-hydroxytryptophan (5-HTP), is currently not
used as diagnostic marker for NETs. However, although
foregut tumors produce 5-HTP, they may lack the en-
zyme that converts 5-HTP into serotonin, meaning little
or no serotonin production but increased 5-HTP pro-
duction (17, 18 ).

Relevant indole compounds (tryptophan, 5-HTP,
serotonin, 5-HIAA) have not been simultaneously quan-
tified with LC-MS/MS, because this is complicated by
the presence of different functional groups, which pre-
cludes a uniform method for extraction and chromatog-
raphy (19, 20 ). Derivatization of the indoles might solve
this problem, because it is possible to selectively deriva-

tize the amino groups and hydroxyl groups, leaving car-
boxylic acid as the only functional group (Fig. 1). Deri-
vatization is not required for most LC-MS/MS
applications, so it is not a routine part of clinical LC-
MS/MS tests. Interestingly, in situ or direct-matrix der-
ivatization can be performed directly in an aqueous ma-
trix such as plasma, without any sample clean up (21 ).
This derivatization strategy can improve chemical stabil-
ity, so it may be beneficial in the analysis of indole com-
pounds, which are prone to oxidation.

Here, we validated an automated LC-MS/MS
method with straightforward direct-matrix derivatization
to simultaneously quantify relevant indole markers in
PRP. To biochemically characterize NETs, we per-
formed an exploratory study in healthy individuals and in
patients with foregut and midgut NETs.

Materials and Methods

REAGENTS

LC-MS-grade acetonitrile, isopropanol, methanol, for-
mic acid, and ammonium acetate were purchased from
Biosolve. Ascorbic acid, dipotassium hydrogen phos-
phate, acetic acid (99%), and hydrochloric acid (32%)
were obtained from Merck Millipore. Ammonium hy-
droxide solution (28%–30%), propionic anhydride, di-
potassium EDTA dihydrate, glutathione (reduced), tryp-

Fig. 1. Derivatization reaction of each respective indole with propionic anhydride.
Red circles denote the group that is derivatized by propionic anhydride. Formed derivative products for each indole are shown on the right side.
RT, room temperature.
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tophan, 5-HTP, serotonin, and 5-HIAA, all of analytical
purity, were purchased from Sigma Aldrich. Ultrapure
water was produced with an in-house purification system
(Merck Millipore). Stable deuterated isotopes for
tryptophan-d5, serotonin-d4 creatinine sulfate, and
5-HIAA-d2 were purchased from CDN Isotopes;
5-HTP-d4, from Toronto Research Chemicals.

PREPARATION OF STANDARDS

Stock solutions were prepared in 0.08 mol/L acetic acid.
Stock solutions were serially diluted in ascorbic acid in
water 0.04% (w/v) to the respective working solution
(mixture of all analytes). The working solution was pre-
pared fresh on the day of analysis to prevent serotonin
degradation. Eight calibrators were prepared by adding
different volumes of working solution into a surrogate
matrix (dialyzed PRP; for detailed description, see the
Data Supplement that accompanies the online version of
this article at http://www.clinchem.org/content/vol65/
issue11). Calibrator curves ranged from 2.9 to 404
�mol/L (tryptophan), 4.6 to 637 nmol/L (5-HTP), 143
to 20000 nmol/L (serotonin), and 69 to 9720 nmol/L
(5-HIAA). The internal standard working solution was
prepared in ascorbic acid in water 0.04% (w/v). Concen-
trations for tryptophan-d5, 5-HTP-d4, serotonin-d4,
and 5-HIAA-d2 were 23 �mol/L, 75 nmol/L, 4500
nmol/L, and 1000 nmol/L, respectively.

SAMPLE PREPARATION AND ANALYSIS

Before samples were analyzed, aliquots of thawed PRP
samples (50 �L) and calibrators were mixed with 50 �L
of internal standard working solution, 250 �L of 0.5
mol/L dipotassium phosphate, and 4 mmol/L K2EDTA,
pH 8.5 in a 2.0-mL 96-deepwell plate (Greiner Bio-
One). Subsequently, 50 �L of 25% (v/v) propionic an-
hydride in acetonitrile was added, and the plate was vor-
tex mixed for 15 min. Water was added to all wells to a
total volume of 1.0 mL. The plate was vortex mixed and
centrifuged for 15 min at 1500g. Then, 50 �L of each
calibrator and sample was injected onto the online solid-
phase extraction (SPE) LC-MS/MS system.

Online SPE was performed with the fully automated
Spark Holland Symbiosis system in eXtraction Liquid
Chromatography mode as previously described (22 ). For
a complete description of the online SPE method, see the
online Data Supplement.

Liquid chromatography was performed on a Phe-
nomenex Luna Phenyl-Hexyl 2.0 � 150 mm, 3-�m col-
umn, with a binary gradient system that consisted of 10
mmol/L ammonium acetate with 0.1% formic acid (elu-
ent A) and 0.1% formic acid in 95% acetonitrile (eluent
B). Initial conditions were 80:20 (v/v) at a flow rate of 0.3
mL/min, followed by a linear increase of eluent B to 80%
over 5 min and kept constant at 80% B for 1.0 min.
Thereafter, flow rate and proportion of the pumps were

returned to the starting conditions and kept constant for
a further 2 min. The total run time was 8.5 min.

Tryptophan, 5-HTP, serotonin, and 5-HIAA were
all analyzed in positive ionization mode on a Waters Xevo
TQ-MS. Mass spectrometer settings were optimized by
tuning in the selective reaction monitoring mode. The
following settings were applied throughout the study:
capillary voltage, 0.5 kV; desolvation temperature,
600 °C; desolvation gas flow, 1000 L/h; cone gas flow, 50
L/h; and collision gas flow, 0.20 mL/min. Cone voltage
and collision energies were optimized for all analytes and
respective transitions. The transitions were analyzed by
scheduled selective reaction monitoring (Table 1 in the
online Data Supplement). For tryptophan and serotonin,
the isotopic peak [M�H�1]� was used for the precursor
m/z to avoid saturating the MS detector and to obtain
linear calibration curves. Quantification was performed
with the peak-area response ratios of the quantifier tran-
sitions for the analyte and the corresponding internal
standard. Calculations were performed with the Target-
Lynx software (Waters).

METHOD VALIDATION

The method was validated by evaluating imprecision,
limit of quantification, linearity, carryover, recovery, ion
suppression, stability, reference intervals, and method
comparison (23 ). Quality-control samples were prepared
containing low (tryptophan, 18 �mol/L; 5-HTP, 15
nmol/L; serotonin, 2316 nmol/L; 5-HIAA, 19.2 nmol/
L), medium (tryptophan, 43 �mol/L; 5-HTP, 75
nmol/L; serotonin, 7752 nmol/L; 5-HIAA, 189 nmol/
L), and high concentrations (tryptophan, 90 �mol/L;
5-HTP, 200 nmol/L; serotonin, 9714 nmol/L; 5-HIAA,
5152 nmol/L) concentrations of the respective analytes,
with anonymized pooled human PRP, which remained
in our laboratory after routine indole analysis. Quality-
control samples were stabilized with glutathione (approx-
imately 5 g/L) and stored at �80 °C until analysis. Glu-
tathione prevented oxidation of serotonin and stabilized
the samples for at least 6 months at �20 °C and �80 °C
(see online Data Supplement). Detailed information on
the procedures for method validation are provided in the
online Data Supplement. Method comparison was per-
formed with patient samples left over from routine pa-
tient care; tryptophan, serotonin, and 5-HIAA were mea-
sured in these samples by an existing HPLC with
fluorometric detection method (19 ). For the method
comparison of 5-HIAA, only PRP samples with 5-HIAA
�1000 nmol/L were used, because this was the quantifi-
cation limit of the HPLC fluorometric method. Further-
more, tryptophan was compared with an online SPE
LC-MS/MS method in our laboratory measuring un-
derivatized plasma tryptophan in combination with
kynurenine and 3-hydroxykynurenine, as previously de-
scribed (24 ).
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CLINICAL SAMPLE COLLECTION

Participants were instructed to avoid consumption of
nuts and fruits 24 h before sample collection. Blood was
drawn by venipuncture (with a butterfly needle) and col-
lected in 10-mL EDTA Vacutainer Tubes (dipotassium
EDTA Vacutainer Tubes, Becton Dickinson). To obtain
PRP, blood tubes were centrifuged at 120g for 30 min at
room temperature; 0.5-mL PRP was used for the platelet
count (Sysmex XE-2100). The remaining PRP was stabi-
lized with glutathione and stored at �80 °C until analysis.
All samples were collected and analyzed within 5 months.

INDOLE CONCENTRATIONS IN HEALTHY PARTICIPANTS

The distribution of indole concentrations was investigated
by analyzing PRP samples from nonfasting, apparently
healthy volunteers (n � 68). Results were compared with
data from the literature. This investigation was approved by
the institutional medical ethics review board (registered at
ClinicalTrials.gov, NCT 01398306).

COMPARISON OF HEALTHY INDIVIDUALS AND NET PATIENTS

Twenty patients with a foregut NET and 20 with a
midgut NET were recruited at the outpatient clinic of the
Department of Medical Oncology Groningen, the Neth-
erlands. Patients were assigned to the foregut or midgut
group based on the primary location and histology of
their tumor. Inclusion criteria were age 18 years or older
and signed written informed consent. Patients were ex-
cluded if they used drugs that interfere with serotonin
metabolism, serotonin reuptake, or platelet function. Ba-
sic clinical characteristics were obtained from the pa-
tients’ medical records. Chromogranin A was analyzed as
part of their routine visit to the outpatient clinic. An
immunoradiometric assay from CIS Bio International

was used. The reference interval was 20–100 �g/L.
Twenty sex- and age-matched healthy individuals were
selected from the abovementioned healthy volunteer
group and compared with the 40 patients with NETs.
Basic characteristics of the healthy individuals and pa-
tients with NETs are presented in Table 1. The study was
approved by the institutional medical ethics review board
(registered at ClinicalTrials.gov, NCT02815969).

STATISTICS

Method comparison results were calculated by Passing–
Bablok regression with the MCR package in RStudio.
Distribution of the 5-HTP concentration range was cal-
culated as the 2.5th and 97.5th percentiles (95% of the
central population) by nonparametric analysis (Analyse-
it). Other statistical analyses were performed with SPSS
version 22.0 for Windows (IBM Corporation). Differ-
ences in PRP indole concentrations between healthy con-
trols and patients with NETs were assessed by the Mann–
Whitney U-test. Relationships between PRP indole
concentrations and age in healthy individuals were exam-
ined with the Spearman rank test. A P � 0.05 was con-
sidered significant.

Results

METHOD VALIDATION

The total analysis time was 8.5 min, including automated
sample extraction using the online SPE step. All 4 indoles
were baseline separated (Fig. 2). Intraassay and interassay
imprecision evaluated at 3 different concentrations were
�10%, except for the low quality control of 5-HTP (15
nmol/L), which was 13% (Table 2).

Table 1. Baseline population characteristics.

Healthy volunteers
(n = 68)

Foregut NETs
(n = 20)

Midgut NETs
(n = 20)

Age,a years 56 (40–66) 62 (54–66) 59 (56–66)

Women, n (%) 33 (49) 8 (40) 14 (70)

Primary tumor, n (%)

Pancreas 16 (80) —

Lung 3 (15) —

Duodenum 1 (5) —

Small intestine — 20 (100)

Grade NET, n (%)

Grade 1 11 (55) 14 (70)

Grade 2 6 (30) 5 (25)

No histologic tumor sample available 3 (15) 1 (5)

a Values reported as median (interquartile range).
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Fig. 2. Chromatograms of PRP from a healthy individual (A) and 2 patients with NET (B–C), as obtained by online SPE LC-MS/MS.
Relative intensity is shown on the y axis, and retention time on the x axis. Each chromatogram is normalized to the same signal intensity. (A),
Indole profile of a healthy volunteer. Calculated PRP concentrations were thus: tryptophan, 52 μmol/L; 5-HTP, 3.0 nmol/L; serotonin, 3.5
nmol/109 platelets; 5-HIAA, 33 nmol/L. (B–C), Indole profiles of 2 patients with NETs. (B), Calculated PRP concentrations were thus: tryptophan,
61 μmol/L; 5-HTP, 3.5 nmol/L; serotonin, 14 nmol/109 platelets; 5-HIAA, 105 nmol/L. (C), Calculated PRP concentrations were thus: trypto-
phan, 64 μmol/L; 5-HTP, 343 nmol/L; serotonin, 7.3 nmol/109 platelets; 5-HIAA, 301 nmol/L. Abbreviations: 5-HT, serotonin.
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Mean recovery of the added analytes was 91%–
96% for tryptophan, 90%–97% for 5-HTP, 93%–
98% for serotonin, and 92%–95% for 5-HIAA (see
Table 2 in the online Data Supplement). Limits of
quantification were 1.0 �mol/L (tryptophan), 2.0
nmol/L (5-HTP), 68 nmol/L (serotonin), and 15
nmol/L (5-HIAA). Carryover was �0.1% for each
analyte. Suppression was �10% at the retention times
of the analytes during the infusion experiment. All
indole compounds were stable for at least 6 months at
�20 °C and �80 °C in glutathione-stabilized PRP
(online Table 3 and 4 in the online Data Supplement).
Up to 4 freeze–thaw cycles did not affect glutathione-
stabilized indole compounds.

METHOD COMPARISON

Passing–Bablok regression analysis demonstrated pro-
portional differences for PRP tryptophan, serotonin, and
5-HIAA between the HPLC fluorometric method and
LC-MS/MS method (see Fig. 1 in the online Data Sup-
plement). The HPLC fluorometric method underesti-
mated the concentration, probably because the HPLC
method used a structural analogue as an internal standard
instead of a stable isotope-labeled standard. The method
comparison for tryptophan between the new LC-
MS/MS method and the older LC-MS/MS method
(kynurenine method, no derivatization) in our laboratory
did not show a proportional or systematic difference (see
Fig. 1 in the online Data Supplement).

INDOLE CONCENTRATIONS IN HEALTHY PARTICIPANTS

PRP tryptophan concentrations in the n � 68 healthy
individuals ranged from 28.5 to 87.2 �mol/L, with a
median of 52.3 �mol/L. The distribution of PRP 5-HTP
concentrations was 2.1–6.3 nmol/L, with a median of
3.3 nmol/L. The serotonin concentration was 1.2–5.9
nmol/109 platelets, with a median of 3.1 nmol/109 plate-
lets. PRP 5-HIAA concentrations ranged from 15 to 111
nmol/L, with a median of 36 nmol/L (see Fig. 2 in the
online Data Supplement). PRP tryptophan, platelet se-
rotonin, and PRP 5-HIAA correlated with age (PRP
tryptophan: r � �0.39, P � 0.001; platelet serotonin:
r � �0.33, P � 0.006; PRP 5-HIAA: r � 0.44, P �
0.001), but 5-HTP did not.

COMPARISON OF HEALTHY INDIVIDUALS AND NET PATIENTS

Comparisons between age-matched healthy individuals
and foregut NET patients showed differences in PRP
5-HTP (P � 0.01), platelet serotonin (P � 0.037), and
PRP 5-HIAA (P � 0.043) concentrations, but not in
tryptophan concentrations (Table 3 and Fig. 3). PRP
5-HTP, platelet serotonin, and PRP 5-HIAA concentra-
tions differed between midgut NET patients and age-
matched healthy individuals (all P � 0.001), but trypto-
phan concentrations were not significantly different
(Table 3 and Fig. 3). The location of the primary tumor
in foregut and midgut NET patients was not associated
with any of the indole markers.

In the foregut NET patient group, PRP 5-HTP con-
centrations were higher than the upper reference limit
interval in 9 of 20 patients, platelet serotonin in 6 of 20
patients, and PRP 5-HIAA in 5 of 20 patients. When
results for the 3 indoles were combined, 11 of 20 patients
(55%) showed increased concentrations (see Table 5 in
the online Data Supplement).

In the midgut NET patient group, PRP 5-HTP con-
centrations were increased in 8 of 20 patients, platelet
serotonin in 18 of 20 patients, and PRP 5-HIAA in 17 of
20 patients. Combining the results for the 3 indoles did
not improve the positive rate in this group (see Table 5 in
the online Data Supplement).

Discussion

This study shows that direct-matrix derivatization in combina-
tion with LC-MS/MS is a powerful tool for simultaneously
quantifying tryptophan-related indoles in PRP.

The results of the method validation, especially the
method comparison for underivatized tryptophan by
LC-MS/MS, show that the developed direct-matrix der-
ivatization step is reproducible and can be used routinely.
Stable isotope-labeled standards must be added before
the derivatization procedure because these correct for any
variations during the derivatization reaction. The current
derivatization procedure not only improves the extrac-

Table 2. Intraassay and interassay imprecision.

Intraassay
imprecision (n = 20)

Interassay
imprecision (n = 20)

Mean
(nmol/L)a CV, %

Mean
(nmol/L)a CV, %

Tryptophan 18 4.0 19 5.2

43 3.2 45 3.6

90 3.3 91 3.0

5-HTP 15 12 16 13

75 7.3 73 8.5

200 5.0 185 6.6

Serotonin 2316 5.7 2426 9.8

7752 4.7 7820 6.1

9714 3.4 9895 5.2

5-HIAA 19 6.1 19 9.2

186 4.5 189 7.0

5033 2.0 5152 1.9

a Tryptophan concentrations are in μmol/L.
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tion and chromatographic properties but also enhances
mass spectrometric detection. This increase in sensitivity
is probably due to increased lipophilicity of the deriva-
tives and subsequent increased ionization efficiency, as
reported earlier (25, 26 ). Another advantage of using
propionic anhydride as a derivatization reagent is that the
added propionyl group is relatively small. Reversed-phase
chromatography is primarily based on hydrophobicity,
so derivatization of the polar groups (amine, hydroxyl)
with propionic anhydride improves indole retention.
Compared with other derivatization reagents, the pro-
pionyl group is so small relative to the indole structure
that chromatographic separation is still primarily based
on interaction of the indole, not the propionyl group,
with the stationary phase, which maintains chromato-
graphic selectivity (27, 28 ). Moreover, products formed
in the mass spectrometer are highly specific as they are
analyte dependent and not from the derivatization agent.

The concentrations we obtained for PRP trypto-
phan, PRP 5-HTP, platelet serotonin, and PRP 5-HIAA
in healthy participants with our method are comparable
with reference intervals found in other studies (10,
11, 16, 24, 29–32). 5-HIAA is known to be affected by a
diet rich in serotonin, especially nuts and certain fruits, so
patients are often sampled after an overnight fast combined
with dietary instructions. The instruction to avoid fruits and
nuts 24 h before sampling in a nonfasting state proved to be
sufficient to prevent false positives for 5-HIAA, because we
did not find increased 5-HIAA concentrations, in compar-
ison to the studies in which reference ranges were established
after an overnight fast in combination with dietary instruc-
tions (10, 33).

Quantitative profiling of all indole markers can pro-
vide further information on the incidence of variation in
enzyme activity, like aromatic L-amine acid decarboxyl-
ase activity in foregut NETs (19 ). Nine out of 20 patients
with a foregut NET showed increased 5-HTP concentra-
tions, indicating that some foregut NETs are aromatic
L-amine acid decarboxylase-deficient as suggested earlier
(17, 18, 34 ). Interestingly, our patient with the highest
PRP 5-HTP concentration (153 nmol/L) also had the
highest urinary serotonin excretion (1284 �mol/mol cre-
atinine), which probably reflects the renal decarboxyl-
ation of excessive PRP 5-HTP into serotonin (34, 35 ). In
the midgut NET group, 5-HTP concentrations also in-
creased in 8 out of 20 patients. This increase was proba-
bly caused by increased expression of tryptophan hydrox-
ylase, abundant formation of 5-HTP, and subsequent
saturation of aromatic L-amine acid decarboxylase, be-
cause platelet serotonin and PRP 5-HIAA also increased
when 5-HTP increased. The influence of diet on 5-HTP
and the biological variation of PRP 5-HTP is currently
unknown and should be further investigated before PRP
5-HTP is introduced as a diagnostic marker for NETs.

Platelet serotonin is the marker with the higher di-
agnostic accuracy, and 5-HIAA is the marker best suited
for follow-up of patients with NET; a strength of this
assay is that we measured these 2 markers together. Com-
bining both markers also helps to identify diet-related
false positives as platelet serotonin is not affected by
short-term ingestion of serotonin-rich foods whereas
PRP 5-HIAA is (13, 14, 36 ). Likewise, PRP 5-HIAA
concentrations (and 5-HTP) can be measured if platelets
are activated in vitro and the platelet count is no longer

Table 3. Concentrations of the indole markers in PRP and urine in healthy individuals and the two NET patient groups.a

Healthy individuals (n = 20) Foregut NETs (n = 20) Midgut NETs (n = 20)

Age at plasma sampling, years 67.0 (63.5–72)b 66.5 (62.5–73.5) 67.0 (63.5–70.7)

Sex, % women 50 40 70

PRP

Tryptophan, μmol/L 46.1 (38.5–55.8) 52.0 (44.5–58.7) 55.5 (49.2–62.0)

5-HTP, nmol/L 3.3 (2.8–4.5) 6.0 (3.3–11) 5.7 (4.3–16)

Serotonin, nmol/109 platelets 3.0 (2.2–3.7) 4.7 (2.5–5.8) 24 (18–36)

5-HIAA, nmol/L 43 (37–56) 60 (41–118) 689 (171–4181)

Urine

Serotonin, μmol/mol creatinine <66c 62 (44–110) 90 (58–238)

5-HIAA, mmol/mol creatinine <3.8c 2.5 (1.6–3.5) 20 (6.7–90)

Serum

Chromogranin A, μg/L <100c 305 (65–884)d 188 (80–1760)d

a Values reported as median (interquartile range).
b Correlated with plasma tryptophan (r = −0.53, P = 0.016).
c Upper limits of respective reference ranges in our hospital ((3 )).
d Patients on proton pump inhibitors excluded only for the chromogranin A data (n = 7 patients in the foregut group, n = 8 patients in the midgut group).
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reliable. The inclusion of tryptophan in the profile means
that decreased tryptophan concentrations can be detect-
ed; this inclusion is important because prolonged exces-
sive production of serotonin by midgut NETs can de-
plete tryptophan and niacin, causing pellagra-like
symptoms (37 ).

This study has several strengths. We used a validated
direct-matrix derivatization-based LC-MS/MS method
to simultaneously quantify all relevant indole markers,
which ensured sensitive and precise measurement of
these analytes. This is the first study to quantify PRP
5-HTP by LC-MS/MS in NET patients. The current
method only uses 50 �L of PRP and is able to simulta-
neously quantify compounds that differ 4 orders of mag-
nitude in concentration. The method uses a fully auto-
mated online sample clean up but can easily be
performed offline. The innovative design of the derivati-
zation reaction directly in the native matrix, concomi-
tantly with the increased sensitivity and selectivity, opens
up new possibilities for quantifying these classes of com-
pounds with LC-MS/MS.

A limitation of the current study is that the number
of healthy controls was too low to confirm all reference

intervals; we confirmed reference intervals for trypto-
phan, serotonin, and 5-HIAA, but not for 5-HTP (n �
120 individuals are needed to establish reference inter-
vals). Another potential limitation is that nonfasting
plasma was collected in this study because the influence
of diet on plasma 5-HTP is not known yet.

The diagnosis and management of NETs is very chal-
lenging, and progress in this field has been limited, apart
from recent blood transcript analysis; therefore, this combi-
nation method shows potential in the biochemical charac-
terization of NETs (38, 39). Diagnostic accuracy studies are
needed to determine the potential value of measuring PRP
tryptophan, PRP 5-HTP, platelet serotonin, and PRP
5-HIAA together when diagnosing and following up
NETs.
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