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Abstract

Objectives: Histamine, mainly produced in mast cells (MC),
plays a key role in allergy and inflammation. Measuring its
urinary metabolites, N-methylhistamine (NMH) and
1-methyl-4-imidazoleacetic acid (MIMA), is essential in
assessing histamine-related pathologies. Patients with con-
current systemic mastocytosis (SM) and hereditary alpha
tryptasemia (HαT)may show increasedMCmediator-related
symptom severity. We developed and validated a liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
assay to quantify histamine, NMH, and MIMA, and explored
their correlation with basal serum tryptase (BST) levels.
Methods: Using an in-matrix double derivatization,
enhancing extraction, we analyzed urinary histamine, NMH,
and MIMA with an online solid-phase extraction LC-MS/MS
system. Analytical method validation assessed recovery,
imprecision, and detection limits. For clinical validation,
correlation analysis between BST levels, NMH, and MIMA in
SM and HαT patients was performed.
Results: The assay demonstrated recoveries>98 %,
imprecision<3 %, and limits of quantification at 2.0 nmol/L

for histamine, 0.53 nmol/L for NMH, and 0.011 μmol/L for
MIMA. Patients with a combination of SM and HαT showed a
2.6–3.6 fold increase in BST compared to those with SM
alone. A BST/NMH ratio>0.129 predicted HαT with 91.3 %
sensitivity and 85.6 % specificity, and a BST/MIMA ratio>7.46
predicted HαT with 89.9 % sensitivity and 86.0 % specificity,
independent of SM status.
Conclusions: Our LC-MS/MS method provides highly accu-
rate and efficient quantification of histamine, NMH, and
MIMA. Integrating BST/NMH and BST/MIMA ratios in diag-
nostic protocols enhances detection of HαT in MC-related
disorders, supporting improved diagnostics and tailored
patient management.
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Introduction

Histamine is a biogenic amine primarily produced in mast
cells (MCs) and basophils. It exerts its effect via H1 – 4 re-
ceptors [1], and is involved in several physiological pro-
cesses, including allergic and inflammatory immune
responses [2, 3], gastric acid secretion [4] and neuronal
excitability [5]. Accurate detection of histamine and its pri-
mary metabolites is paramount for the assessment of
histamine-related pathologies.

In clinical chemical practice, the histamine burden is
assessed in blood or urine [6, 7], where urine is generally
the preferred matrix due to the risk of falsely elevated
histamine levels in blood [8]. Additionally, histamine me-
tabolites are more reliable markers than histamine itself,
especially in urine, as they are less prone to a false increase
by urinary tract infections [9]. Histamine is metabolized
through two enzymatic pathways, producing imidazole-
acetic acid and N-methylhistamine (NMH), which is sub-
sequently converted into 1-methyl-4-imidazoleacetic acid
(MIMA).
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Histamine, NMH and MIMA concentrations are usually
separately measured with laborious gas chromatography–
mass spectrometry (GC-MS) methods. For simultaneous
quantification, only one liquid chromatography-tandem
mass spectrometry (LC-MS/MS) method has been published
[10]. The challenge in the combined analysis lies in dis-
tinguishing the small differences between their functional
groups, which prevents a uniformmethod for extraction and
chromatography.

Assessing histamine metabolites provides valuable in-
sights into various conditions, including MC disorders like
systemic mastocytosis (SM) [11]. SM causes clonal MC
expansion and increased release of histamine, tryptase, and
other MC mediators. This causes dermal, gastrointestinal,
skeletal, and cognitive symptoms, anaphylaxis, and hema-
tological disturbance [12]. Hereditary alpha tryptasemia
(HαT), which occurs in 4–6%of the general population [13], is
also associated with increased tryptase release from MCs
and anaphylaxis [14], and interferes with SM diagnosis.
However, while SM triggers a pathological release of a broad
array of MC mediators, including tryptase and histamine
[15], HαT primarily induces tryptase release from MCs
without affecting histamine levels [16]. Accordingly,
measuring urinary histamine metabolites alongside the
routinely assessed serum tryptase in patients with MC
mediator-related symptoms can help differentiate between
HαT and SM [16]. This enhances routine clinical diagnostics,
especially since molecular HαT assessment methods are not
yet widely accessible [14, 17].

Even if SM diagnosis is established, HαT assessment is
still relevant, as it occurs in 14–17 % of SM patients [18, 19],
increases the severity of anaphylaxis [20], and may increase
the SM symptom burden [19, 21]. While antihistamines are
used to mitigate SM symptoms, their effectiveness for HαT is
not validated [22, 23], possibly explaining the lack of effec-
tiveness of antihistamines in some SM patients [24]. Thus,
detecting HαT in SM patients is essential for effective patient
management.

In this study, we developed a straightforward in-
matrix double derivatization procedure. The double
derivatization solves the issue of simultaneous extraction
and chromatography of low molecular weight compounds
with different chemical properties and improves the
selectivity and sensitivity in the mass spectrometric
detection as shown previously for the first derivatization
step [25–27]. Additionally, we demonstrated the clinical
utility of this new method by measuring urinary histamine
metabolites to characterize SM, HαT and concurrent SM
and HαT in individuals with MC mediator-related
symptoms.

Materials and methods

Reagents

LC/MS-grade acetonitrile, isopropanol, methanol, formic acid,
ammonium formate, and ammoniumacetatewere purchased
fromBiosolve (Valkenswaard, The Netherlands). Dipotassium
hydrogen phosphate, acetic acid (99 %), and hydrochloric acid
(32 %) were obtained fromMerck Millipore (Amsterdam, The
Netherlands). Ammonium hydroxide solution (28–30%), tri-
methylacetic anhydride, dipotassium EDTA dihydrate, N-(3-
Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride,
2,2,2-Trifluoroethylamine hydrochloride, histamine dihydro-
chloride (purity≥99.0%, assay titration), 1-methylhistamine
dihydrochloride (purity≥98%, TLC) were purchased from
Sigma Aldrich (Zwijndrecht, The Netherlands). 1-methyl-
imidazole-4-acetic acid hydrochloride (purity≥95%, HPLC)
was purchased from Toronto Research Chemicals (Toronto,
Canada). Ultrapure water was produced using an in-house
purification system from Merck Millipore (Amsterdam, The
Netherlands). Chlorhexidine digluconate 19–21 % m/V was
purchased fromFagron (Hoogeveen, The Netherlands). Stable
deuterated isotopes for histamine-α,α,β,β-d4 dihydrochloride
and 1-methylhistamine-d3 dihydrochloride (1-methyl-d3)
were purchased from CDN Isotopes (Montreal, Canada).
1-methylimidazole-4-acetic acid-d3 (1-methyl-d3) was synthe-
sized as previously described [28]. Methylation was per-
formed with dimethyl-d6-sulfate from Merck Millipore
(Amsterdam, The Netherlands). Mass spectrometric analysis
of the internal standards confirmed the absence of detectable
unlabeled analytes.

Preparation of standards and quality control
samples

Internal standard stock solutions were prepared in 0.1 mol/L
hydrochloric acid. Stock solutions were serially diluted in
water. The internal standard working solution was freshly
prepared on the day of the analysis in 0.5 mol/L dipotassium
phosphate, and 4 mmol/L K2EDTA, pH 8.5.

Nine calibrators were prepared by spiking different
volumes of working solution into a 96-well plate. Calibrator
curves ranged from 60 to 5,500 nmol/L for histamine,
120–10,370 nmol/L for NMH, and 1.4–132 μmol/L for MIMA.

Concentrations for histamine-d4, NMH-d3, and MIMA-d3
were 400 nmol/L, 500 nmol/L, and 24 μmol/L, respectively.
Quality control (QC) samples were prepared containing low,
medium and high concentrations of histamine (60, 989 and
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3,879 nM), NMH (214, 998, and 8,940 nM) and MIMA (3.99, 9.94,
and 125 µM) using anonymized pooled urine samples, which
remained in our laboratory after routine NMH and MIMA
analysis. Only samples from patients who consented to the use
of leftover materials for research were used. After mixing, the
QC samples were aliquoted and stored at −80 °C until analysis.
Concentrations of the QC samples are shown in Table 1.

Sample preparation and analysis

Before samples were analyzed, aliquots of thawed urine
samples (50 μL) and calibrators were mixed with 50 μL of
internal standard working solution, 200 µL of 0.5 mol/L
dipotassium phosphate, and 4 mmol/L K2EDTA, pH 8.5 in a
2.0 mL 96-deepwell plate from Greiner Bio-One (Alphen a/d
Rijn, The Netherlands). Subsequently, 50 µL of 25 % (v/v)
trimethylacetic anhydride in acetonitrile was added and the
plate was vortexed for 30 min. Subsequently, 100 µL of 0.4 M
trifluoroethylamine was added and the plate was briefly
vortexed, followed by the addition of 100 µL 0.4 M 1-Ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) and 500 µL
water. The first step derivatizes any amino and hydroxyl
group using trimethylacetic anhydride. The second step
derivatizes any carboxylic acid group using EDC in combi-
nation with 2,2,2-trifluoroethylamine (TFEA), resulting in a
trimethylacetyl and/or 2,2,2-trifluoroethylamide derivative
(Figure 1) [29, 30]. The plate was mixed for 30 min. All the
previous pipetting steps were performed with a TECAN
Freedom Evo pipetting robot (Freiburg, Germany).

The LC-MS/MS analysis was performed by injecting 5 µL
of each calibrator and sample onto the online solid phase
extraction (SPE) LC-MS/MS system. Online SPE was per-
formed using the fully automated SparkHolland Symbiosis™
system in eXtraction Liquid Chromatography mode as

previously described [31]. For a detailed description of the
online SPE method see the online Supplement, Online Solid
Phase Extraction (SPE) and LC-MS/MS.

Liquid chromatography was performed on a Phenom-
enex® Gemini-NX C18 2.0×150 mm 3 µm column with a bi-
nary gradient system that consisted of 20 mmol/L
ammonium bicarbonate with 1 % ammonia in 10 % ACN in
water (eluent A) and acetonitrile (eluent B). Initial condi-
tions were 100:0 (v/v) at a flow rate of 0.3 mL/min, followed
by a linear increase of eluent B to 50 % over 4 min, followed
by a linear increase to 90 % B in 0.5 min, and this was kept
constant for 1 min at 90 % B. Thereafter, flow rate and
proportion of the pumps were returned to the starting
conditions and kept constant for a further 1.5 min. The total
run time was 7.5 min. Histamine, NMH and MIMA were all
analyzed in positive ionization mode on a Waters® Xevo™
TQ-s micro. Mass spectrometer settings were optimized by
tuning in the selective reaction monitoring mode. The
following settings were applied: capillary voltage 1.0 kV,
desolvation temperature 600 °C, desolvation gas flow
1000 L/h, cone gas flow 75 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 (Supplemental Table 1). Quantification was
performed using the peak-area response ratios of the
quantifier transitions for the analyte and the correspond-
ing internal standard. Calculations were performed with
the TargetLynx™ software (Waters).

Acceptance criteria for measurement series

Three different system suitability test (SST) samples were
analyzed before starting each analysis. The SST samples

Table : Intra-assay, inter-assay imprecision and measurement uncertainty.

Intra-assay imprecision (n=) Inter-assay imprecision (n=) Measurement uncertainty (n=,
∼ months)

Mean QC concentrationa CV, % Mean QC concentrationa CV, % Mean QC concentrationa CV, %

Histamine . . . . – –

 .  . – –

, . , . – –

NMH  .  .  .
 . , .  .

, . , . , .
MIMA . . . . . .

. . . . . .
. . . .  .

aHistamine and NMH, concentrations are given in nmol/L and MIMA, concentrations in µmol/L. QC, quality control; NMH, N-methylhistamine; MIMA,
-methyl--imidazoleacetic acid.
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consist of the internal standard mix solution, the highest
standard of the calibration curve without internal standard,
and of the low quality control sample, all prepared as
described in the “Methods, Preparation of standards and
quality control samples” and “Methods, Sample preparation
and analysis” sections. Acceptance criteria were established
according to Clinical and Laboratory Standards Institute
(CLSI) C64A guidelines and included a minimum internal
standard peak area of 5,000, 25,000, and 10,000 for
histamine-d4, NMH-d3, andMIMA-d3, respectively in the low
quality control sample, a maximum ion ratio variation of
10 %, maximum carryover of 0.1 %, and the absence of
unlabeled analyte in the internal standard mix solution.

Analytical method validation

The method was validated according to the guidelines from
the Dutch Society of Clinical Chemistry (NVKC) for the vali-
dation and verification of examination procedures inmedical
laboratories by evaluating imprecision, limit of quantifica-
tion, linearity, carryover, recovery, ionization suppression,
interferences, and stability [32]. Detailed information on the
procedures for method validation is provided in the online
Supplement, Analytical method validation.

Patient sample collection

Blood, bone marrow (BM), and urine samples were
collected from a cohort of 261 patients admitted to the
University Medical Center of Groningen (UMCG) for MC
mediator-related symptoms between 2014 and 2024. The
cohort included 78 non-SM/non-HαT, 47 non-SM/HαT, 114
SM/non-HαT, and 22 SM/HαT patients. Procedures are
described in the online Supplement, Patient sample
collection.

Additionally, the NMH and MIMA from anonymized
patient-paired and time-paired measurements (n=2,876)
were extracted from the laboratory information system
and used for correlation in a separate dataset.

Ethical compliance and patient consent

Patient inclusion and informed consent were conducted
according to Dutch legislation, and all procedures followed
ethical guidelines approved by the Medical Ethics Com-
mittee of the UMCG, including confidentiality protocols and
data protection, in accordance with the principles of the
Declaration of Helsinki.

Figure 1: Schematic double derivatization procedure. First, histamine (A) and NMH (B) are derivatized with TMAA at pH 8.5. During the reaction with
TMAA, the pH drops to 5–6 (formation of trimethyl acetic acid). MIMA (C) is then derivatized by the addition of TFEA and EDC. NMH, N-methylhistamine;
TMAA, trimethylacetic anhydride; MIMA, 1-methyl-4-imidazoleacetic acid; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; TFEA, 2,2,2-
trifluoroethylamine.
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Diagnosis of SM and HαT

SM diagnosis was performed as previously described [15],
and established according to the criteria of theWorld Health
Organization (WHO) Classification of Tumours of Haemato-
poietic and Lymphoid Tissues [33, 34]. The presence of HαT
was established by determining the number of α-tryptase
and β-tryptase sequences in the TPSB2 and TPSAB1 genes
using an in-house assay [17]. Patients were excluded in the
presence of other known conditions associated with high
BST concentrations such as myeloid neoplasms and end-
stage renal failure [35, 36]. End-stage renal failure was
classified following the Kidney Disease Outcomes Quality
Initiative (KDOQI) and Kidney Disease Improving Global
Outcome Organization (KDIGO), defined as a glomerular
filtration rate (GFR) lower than 15 mL/min/1.73 m2 [37].

Tryptase measurement

Total serum tryptase levels, which included the total α- and
β-protryptases and mature tryptase, were measured using
the Phadia 250 platform (ImmunoCAP Tryptase, Thermo
Fisher Scientific, Phadia, Uppsala, Sweden). The assay’s
analytical coefficient of variation (CV) was 5.8 %. Blood and
urine samples for measuring BST and histaminemetabolites
were collected at the same time, and the lowest measured
BST concentration at least 48 h after any episode of
anaphylactic shock or other acute tryptase-related health
changes were used.

Statistics

Method comparison results were calculated by Passing-
Bablok regression using AnalyseIT for Excel. The distribu-
tion of all continuous variables was assessed for normality.
The correlations of the BST, NMH, andMIMAwith age for all
patients of the cohort were examined using the Spearman
rank correlation coefficient, and the association of the
BST, NMH, and MIMA with sex was determined by the
Mann–Whitney U test.

Correlations of NMHwithMIMA and BSTwith NMH and
MIMA were determined using the Pearson correlation co-
efficient. Fisher’s Z-test examined differences in BST corre-
lations with NMH and MIMA between SM/non-HαT and SM/
HαT groups. BST/NMH and BST/MIMA ratios with 95 % con-
fidence intervals were calculated for all four subgroups
(non-SM/non-HαT, non-SM/HαT, SM/non-HαT, SM/HαT). Sig-
nificance of ratio differences between HαT/non-HαT and
SM/non-SM was assessed using the Mann-Whitney U test. A

p<0.05 was considered significant. Receiver operating char-
acteristic (ROC) analysis identified optimal BST/NMH and
BST/MIMA ratio cut-off values to predict HαT. Box plots and
line diagrams were created with R version 4.3.1 in RStudio
version 1.4.1106 (PBC).

Results

Analytical method validation

Histamine and its main metabolites NMH and MIMA were
baseline separated (Figure 2). The total analysis time was
7.5 min, including automated sample extraction using the
online SPE step. Intra-assay and inter-assay imprecision
were<3 %, and measurement uncertainty was≤6.5 %, evalu-
ated at three different concentrations (Table 1).

Mean recovery of the added analytes was 99 % for his-
tamine, 98–99 % for NMH, and 98 % for MIMA (see online
Supplemental Table 2). NMH and MIMA were stable up to
three months, at both 6 °C and −20 °C. Histamine remained
stable for three months at −20 °C, but not at 6 °C (online
Supplemental Tables 3-8). All stability tests showed that
NMH and MIMA remained stable through five freeze-thaw
cycles, whereas histamine showed an increase in two sam-
ples after one freeze-thaw cycle (online Supplemental Ta-
bles 9-11). Histamine, NMH, andMIMA derivatives remained
stable in processed samples for at least two weeks at 10 °C
(see online Supplemental Figure 1). Limits of quantification
were 2.0 nmol/L for histamine, 0.53 nmol/L for NMH, and
0.011 μmol/L for MIMA. Carryover was below 0.1 % for each
analyte. No significant ionization suppression for any of the
three analytes was observed.

Method comparison

Passing-Bablok regression analysis revealed no propor-
tional differences between the GC-MS method and LC-MS/
MS method for NMH and MIMA (online Supplemental
Figure 2). No constant bias was observed for NMH, but a
minor constant bias (0.66 µM) was noted for MIMA,
attributed to samples with concentrations exceeding
30 µM.

Age and sex controls for BST, NMH, and
MIMA

Baseline characteristics of the SM and HαT subgroups were
uniformly distributed (Table 2). No correlation was found
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between BST and age (Spearman ρ: −0.02; p>0.05), between
NMH and age (Spearman ρ: −0.07; p>0.05), or between
MIMA and age (Spearman ρ: 0.2; p>0.05). Also, no associa-
tion was found between the BST and sex (t-test: p>0.05),
between NMH and sex (t-test: p>0.05), but a borderline
significant association was found between MIMA and sex
(p<0.05). This potential association was not further
investigated.

Evaluating BST, NMH, and MIMA in SM and
HαT

NMH and MIMA were moderately correlated in the anony-
mized cohort (n=2,876) with an R2 of 0.52 (Figure 3A).
The correlation was partly affected by a number of in-
dividuals that highly deviated from the correlation in both
directions.

Figure 2: Representative chromatogram of a quality control sample for histamine (top), MIMA (middle) and NMH (bottom). The sample had the
following concentrations: histamine, 62.7 nmol/L; MIMA, 2.39 μmol/L; and NMH, 142 nmol/L. Relative intensity is plotted on the y-axis and retention time
(in minutes) on the x-axis. MIMA, 1-methyl-4-imidazoleacetic acid; NMH, N-methylhistamine.

Table : BST and urinary NMH and MIMA concentrations and BST/NMH and BST/MIMA ratios.

Non-SM/Non-HαT (n=) HαT (n=) SM (n=) HαT & SM (n=)

Age, years, median
(range; % CI)



(–; –)


(–; –)


(–; –)


(–; –)
Sex, % female    

BST, ng/mL, median
(range; % CI)

.
(.–.; .–.)

.
(.–.; . .)

.
(.;.; .–.)

.
(.–.; .–.)

NMH, μmol/mol creatinine, median
(range; % CI)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–,.; .–.)

.
(.–.; .–.)

MIMA, mmol/mol creatinine, median
(range; % CI)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

BST/NMH median
(range; % CI)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

BST/MIMA median
(range; % CI)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

.
(.–.; .–.)

SM, systemic mastocytosis; HαT, hereditary alpha tryptasemia; BST, basal serum tryptase; NMH, N-methylhistamine; MIMA, -methyl--imidazoleacetic
acid; CI, confidence intervals.
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The correlation of the urinary NMH concentration with
the BST concentration in SM patients was stratified by the
presence of HαT (Figure 3B). In this, both subgroups SM/HαT
and SM/non-HαT showed a strong correlation with an R2 of
0.90 and 0.80, respectively. Furthermore, the correlation in
the SM/HαT subgroup had a 3.6-fold higher slope compared
to the SM/non-HαT subgroup (Fisher’s z-test: p<0.05). The
correlation of urinary MIMA concentration with the plasma
total BST concentration showed a similar association be-
tween both subgroups (Figure 3C), in which the R2 of the SM/
HαT and SM/non-HαT were 0.88 and 0.83, respectively, and
the SM/HαT subgroup had a 2.6-fold higher slope compared
to the SM/non-HαT subgroup (Fisher’s z-test: p<0.05).

Evaluation of the BST/NMH ratio (Figure 3D) and BST/
MIMA ratio (Figure 3E) showed a significant increase in both
ratios for patients with HαT compared to patients with no
HαT (p<0.01). A small increase of BST/NMH and BST/MIMA

ratios was also observed in association with the presence
of SM, even though this increase was not statistically
significant.

Figure 3: Basal serum tryptase level (BST), N-methylhistamine (NMH), and 1-methyl-4-imidazoleacetic acid (MIMA) correlations. (A) NMHandMIMA from
anonymized patient-paired and time-paired measurements were correlated. The correlation of MIMA with NMH shows significant deviations in both
directions. (B) NMH is correlatedwith BST in SMpatients without HαT (SM/non-HαT, white) and in SMpatients with HαT (SM/HαT, black), showing that the
correlation in SM patients with HαT significantly differs from that in SM patients without HαT (Fisher’s Z-test: p<0.05). (C) MIMA is correlated with BST in
SM patients without HαT (SM/non-HαT, white) and in SM patients with HαT (SM/HαT, black), and the correlation in SM patients with HαT is significantly
different from that in SM patients without HαT (Fischer’s Z-test: p<0.05). (D) The BST/NMH ratios are significantly higher in HαT patients vs. non-HαT
patients (***: p<0.01), with a nonsignificant trend towards increased ratios in SM patients (red) vs. non-SM patients (white) (p>0.05). (E) The BST/MIMA
ratios are significantly higher in HαT patients vs. non-HαT patients (***: p<0.01), with a nonsignificant trend towards increased ratios in SM patients (red)
vs. non-SM patients (white) (p>0.05).

Table : Predicting HαT using BST/NMH and BST/MIMA ratios.

BST/NMH
(sens, spec)

BST/MIMA
(sens, spec)

BST/NMH or BST/MIMA
(sens, spec)

Total
cohort

.
(.%; .%)

.
(.%; .%)

. or .
(.%; .%)

Non-
SM

.
(.%; .%)

.
(.%; .%)

. or .
(.%; .%)

SM .
(%; .%)

.
(%; .%)

. or .
(%; .%)

SM, systemic mastocytosis; HαT, hereditary alpha tryptasemia; BST, basal
serum tryptase; NMH, N-methylhistamine; MIMA, -methyl--
imidazoleacetic acid; sens, sensitivity; spec, specificity.
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Predicting HαT

When not taking the presence of SM into account, a BST/
NMH ratio≥0.129 predicted HαT with the highest accuracy
with a sensitivity of 91.3 % and specificity of 85.6 %, while a
BST/MIMA ratio≥7.46 achieved a sensitivity of 89.9 % and
specificity of 86.0 % (Table 3). In patients without SM, a BST/
MIMA ratio≥6.65 had the highest accuracy with 91.5 %
sensitivity and 93.7 % specificity, while a BST/NMH ra-
tio≥0.113 predicted HαT with 91.5 % sensitivity and 90.1 %
specificity. In patients with a confirmed SM, a BST/NMH
ratio≥0.157 showed the highest accuracy with 100 % sensi-
tivity and 92.1 % specificity for predicting HαT, and a BST/
MIMA ratio≥9.94 gave 100 % sensitivity and 91.2 % speci-
ficity. Furthermore, combining the BST/NMH and BST/MIMA
ratios increased the sensitivity in predicting HαT only in the
subgroup of patients without SM with a 93.6 % sensitivity
and 88.6 % specificity.

Discussion

In this study, we present a simple in-matrix derivatization
procedure that allows a reproducible and straightforward
LC-MS/MS quantification of histamine and its main metab-
olites NMH and MIMA. Furthermore, we demonstrate the
clinical relevance of this assay in the evaluation of patients
with MC mediator-related symptoms.

The results from the analytical method validation
demonstrate that the developed LC-MS/MS method is
reproducible and exhibits strong concordancewith themore
laborious GC-MS method for NMH and MIMA. The inclusion
of stable isotope-labeled standards for each analyte is crucial
for achieving this level of precision. In contrast, a previously
published method, which did not use stable isotope-labeled
standards for each analyte, showed greater imprecision for
NMH compared to our method and had to utilize a standard
addition method for quantification [10]. The limits of quan-
tification for histamine, NMH, and MIMA were more than
adequate for quantification in urine samples. Additionally,
the collision energy for MIMA was deoptimized to prevent
saturation of the MS detector. The SPE cartridge materials
used are widely accessible, making the development of an
offline SPE method also feasible. NMH and MIMA are stable
in preserved urine, but histamine requires freezing at −20 °C
and the use of an antibacterial agent to prevent microbial
degradation [38].

Quantifying multiple metabolites generally provides a
more reliable approach to assess mediator release, as it ac-
counts for metabolic variability. This is particularly relevant

for histamine release, given the moderate correlation be-
tween NMH and MIMA observed in our study. These varia-
tions may be due to common and functionally significant
polymorphisms in genes coding for the enzymes histidine
decarboxylase (HDC), diamine oxidase (ABP1) and histamine
N-methyltransferase (HNMT), affecting the histamine
metabolism [39].

We demonstrate that HαT accelerates BST increase in
SM patients by a factor of 2.6–3.6 compared to SM patients
without HαT. The importance of this BST increase is high-
lighted in the most recent WHO classification of SM, which
introduces a correction factor for HαT when determining
BST levels [40]. This correction factor is essential to prevent
misclassification of elevated BST levels as a diagnostic cri-
terion for SM, or progression of indolent SM to smoldering
SM [40].

As previously observed [16], we also found that SM in-
creases BST and histaminemetabolite levels, while HαT only
increases BST levels. As a result, we found that increased
BST/NMHandBST/MIMA ratios could accurately predict HαT
with 79.8 % sensitivity and 94.2 % specificity, regardless of
the presence of SM. The BST/NMH and BST/MIMA cut-off
values in our study were determined in patients with MC
mediator-related symptoms, stratified by SM confirmed, SM
ruled out, and SM uncertain, because SM tends to increase
BST levelsmore than histaminemetabolites.We recommend
using these ratios in the diagnostic algorithms for patients
with MC mediator-related symptoms, particularly in health
centers where genetic HαT assessment methods are not
readily available.

In conclusion, we successfully developed and vali-
dated an accurate and straightforward LC-MS/MS method
for the quantification of histamine and its main metabo-
lites NMH and MIMA in urine. We demonstrated its clin-
ical relevance in patients with MC mediator-related
symptoms, providing valuable insights into HαT-corrected
BST levels in SM patients, and a robust approach to
distinguish HαT from SM. Therefore, we suggest incorpo-
rating the BST/NMH and the BST/MIMA ratios in the
routine clinical diagnostics of patients with MC mediator-
related symptoms.
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