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Abstract Molybdenum cofactor deficiency (MoCD) is a
rare inherited metabolic disorder characterized by severe
and progressive neurological damage mainly caused by the
loss of sulfite oxidase activity. Elevated urinary levels of
sulfite, thiosulfate, and S-sulfocysteine (SSC) are hallmarks
in the diagnosis of MoCD and sulfite oxidase deficiency
(SOD). Recently, a first successful treatment of a human
MoCD type A patient based on a substitution therapy with
the molybdenum cofactor precursor cPMP has been
reported, resulting in nearly complete normalization of
MoCD biomarkers. Knowing the rapid progression of the
disease symptoms in nontreated patients, an early diagnosis
of MoCD as well as a sensitive method to monitor daily
changes in SSC levels, a key marker of sulfite toxicity, is
crucial for treatment outcome. Here, we describe a fast and
sensitive method for the analysis of SSC in human urine
samples using high performance liquid chromatography
(HPLC). The analysis is based on precolumn derivatization
with O-phthaldialdehyde (OPA) and separation on a C18
reverse phase column coupled to UV detection. The method

was extended to human serum analysis and no interference
with endogenous amino acids was found. Finally, SSC
values from 45 pediatric urine, 75 adult urine, and 24 serum
samples from control individuals as well as MoCD patients
are reported. Our method represents a cost-effective
technique for routine diagnosis of MoCD and SOD, and
can be used also to monitor treatment efficiency in those
sulfite toxicity disorders on a daily basis.

Abbreviations

HPLC High performance liquid chromatography
MoCD Molybdenum cofactor deficiency
Moco Molybdenum cofactor
OPA O-phthaldialdehyde
SOD Sulfite oxidase deficiency
SSC S-sulfocysteine

Introduction

MoCD is a rare inherited metabolic disorder (Johnson et al.
1980; Johnson and Duran 2001) caused by defects in the
biosynthesis of the molybdenum cofactor (Moco) leading to
the simultaneous loss of activities of all molybdenum-
dependent enzymes: sulfite oxidase, xanthine dehydroge-
nase, aldehyde oxidase and mitochondrial amidoxime-
reducing component (mARC) (Schwarz et al. 2009).
Affected patients exhibit severe neurological abnormalities,
such as microcephaly, seizures, and usually die in early
childhood (Johnson and Duran 2001). Sulfite oxidase
deficiency (SOD) is less frequent but clinically similar to
MoCD, which renders sulfite oxidase as the most important
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Moco enzyme in humans (Tan et al. 2005). Sulfite oxidase
catalyzes the oxidation of sulfite, which is generated
throughout the catabolism of sulfur-containing amino acids,
to sulfate (Griffith 1987; Johnson and Duran 2001).
Xanthine dehydrogenase, another important Moco enzyme,
catalyzes the conversion of hypoxanthine to xanthine and
further to uric acid (Hille 2005). Aldehyde oxidase
catalyzes the hydroxylation of various compounds (Garattini
et al. 2009), while mARC was identified as a general
detoxifying and pro-drug metabolizing enzyme with yet
unknown physiological substrates (Wahl et al. 2010).

Deficiencies of Moco and sulfite oxidase result in the
accumulation of sulfite, a highly toxic molecule that breaks
disulfide bridges in proteins and cystine, thereby affecting
many protein and cellular functions (Zhang et al. 2004).
Sulfite first accumulates in liver, where most of the
catabolism of sulfur-containing amino acids takes place.
Subsequently, accumulation of sulfite in plasma is detect-
able and finally sulfite crosses the blood–brain-barrier
triggering a devastating and progressive neuronal death
(Schwarz et al. 2009). Sulfite accumulation is accompanied
by the formation of secondary metabolites such as
thiosulfate and S-sulfocysteine (SSC) which are common
biochemical indicators for MoCD and SOD together with
reduced homocysteine levels (Johnson and Duran 2001;
Sass et al. 2004). However, isolated SOD can be excluded
if the products of other Moco enzymes such as uric acid are
reduced in urine and plasma and urinary xanthine and
hypoxanthine are elevated. In addition, the absence of
urinary urothione as a specific metabolic degradation
product of Moco, is a direct indicator for MoCD (Bamforth
et al. 1990).

MoCD can be grouped into three types according to the
underlying genetic defect. Type A deficiency affects two-
thirds of all patients and is caused by a mutation in
the MOCS1 gene (Reiss and Johnson 2003). While type
A patients lack the first precursor in the biosynthetic
pathway of Moco, cyclic pyranopterin monophosphate
(cPMP) (Santamaria-Araujo et al. 2004), type B patients
accumulate cPMP due to mutations in the MOCS2 gene,
which encodes the molybdopterin synthase (Reiss et al.
1999). Up to now only one type C patient with a mutation
in the GEPHYRIN gene has been found (Reiss et al. 2001).
Using an animal model for human MoCD (Lee et al. 2002),
a treatment approach based on a substitution therapy with
cPMP has been established for MoCD type A (Schwarz
et al. 2004). Recently, a first human exposure to cPMP has
been reported in a type A patient with a remarkable
normalization of MoCD biomarkers such as sulfite, SSC,
xanthine, uric acid, and urothione leading to a significant
clinical improvement of the patient (Veldman et al. 2010).
This study revealed also the devastating character of the
disease, which was manifested by a rapid increase of

urinary sulfite, thiosulfate, and SSC values during the first
36 days of life before treatment started. A recent study
supported previous data from animal studies and demon-
strated that maternal sulfite clearance is able to suppress
prenatal brain damage; however, within days after birth a
rapid and progressive brain damage with repetitive seizures
has occurred (Sie et al. 2010). Therefore, treatment should
be initiated as early as possible. Consequently, the need for
a fast and sensitive method for an easy diagnosis of MoCD
and a daily monitoring of treatment efficiency becomes
important.

In the past, reports showed that diagnosis of MoCD is
often difficult, as sulfite is very unstable and false-negative
results can occur already within four hours of storage of urine
(Kutter and Humbel 1969). False-positive results may also
occur in the presence of drugs containing reactive sulfhy-
dryl groups such as N-acetylcysteine, mercaptamine, and
dimercaprol (Wadman et al. 1983). In contrast, SSC is more
stable and suitable for automated analysis and screening.
Various methods for determination of SSC were reported,
including HPLC-based techniques, electrospray tandem
mass spectrometry, and anion exchange chromatography
(Demarco et al. 1965; Johnson and Rajagopalan 1995; Pitt
et al. 2002). However, only some of these methods provide
sufficient sensitivity for the determination of SSC in urine
samples, while extended analysis time, complex sample
clean-up procedures, or instability of certain SSC deriva-
tives limited their use in an automated, fast, and reproduc-
ible setting. A general method currently used for the
diagnosis of MoCD is based on a sulfite dipstick for the
rapid detection of urinary sulfite. Furthermore, most SSC
analyses are performed with the classical amino acid
analyzer, but quantification is limited due to the early
elution of SSC. In addition, poor specificity and possible
interference from other metabolites were also reported by
using the amino acid analyzer (Rashed et al. 2005).

Here, we describe a simple, fast, and sensitive HPLC-
based method using automated precolumn derivatization
with OPA and UV detection at 338 nm for the determina-
tion of urinary SSC levels. The method was extended to
serum analysis and SSC separation from endogenous amino
acids was demonstrated. We reported SSC control levels
derived from 45 pediatric urine, 75 adult urine, and 24 adult
serum samples. Furthermore, SSC values from MoCD
patients are reported.

Materials and Methods

Reagents

HPLC-grade methanol, acetonitrile, and disodium
hydrogen phosphate were obtained from BDH Prolabo

36 JIMD Reports



(VWR International GmbH, Darmstadt, Germany). Sodium
tetraborate, boric acid, 5-Sulfosalicylic acid, and S-sulfo-
cysteine were from Sigma–Aldrich (St. Louis, USA). O-
Phthaldialdehyde (OPA) was purchased from Alfa Aesar
GmbH & Co KG (Karlsruhe, Germany). Preparation of the
derivatization reagent was based on the protocol of Jakoby
(Jakoby and Griffith 1987) and achieved by dissolving 1 g
of OPA in 10 ml methanol, mixed with 90 ml 0.4 M borate
buffer pH 10.2 and 400 ml 2-mercaptoethanol. The prepared
derivatization reagent was stored in 1 ml aliquots at �20�C.

Chromatographic Conditions

HPLC analyses were carried out on an Agilent 1200 SL
system (Agilent Technologies GmbH, Boeblingen,
Germany) consisting of a binary pump (SL series), vacuum
degasser, autosampler, thermostated column compartment
(SL series), diode array detector (SL series), fluorescence
detector, all controlled by Agilent ChemStation software.
The mobile phase consisted of buffer A (10 mM Na2HPO4;
10 mM Na2B4O7) and eluent B (45% acetonitrile 45%
methanol and 10% water). Different reversed-phase BEH
(ethylene bridged hybrid)-C18 columns were used:
XBridge (50 � 4.6 mm, 2.5 mm, Waters GmbH, Eschborn,
Germany) and ACQUITY UPLC (50 � 2.1 mm, 1.7 mm,
Waters GmbH, Eschborn, Germany) and separation was
carried out isocratically with 10% eluent B. For analysis of
all amino acids, an additional gradient from 10 to 60%
eluent B was applied to the column after elution of SSC.
Precolumn derivatization was carried out using an auto-
mated autosampler, which was programmed to mix 9 ml of
the sample with 1 ml of derivatization reagent, after an
incubation time of 0.2 min, the mixture was injected and
the injection valve was bypassed to achieve the derivatiza-
tion of the next sample, thus eliminating the time needed
for the derivatization procedure. Detection was carried out
by UV absorbance at 338 nm and compound identification
was achieved by comparing the retention time with that
obtained for SSC standard. Peak area was used for
calibration. SSC amount was determined by standard
addition and normalized to creatinine in urine samples.

Samples and Standard Preparation

Urine samples were centrifuged for 15 min at 13,000 � g,
the supernatant was filtered through a 0.2-mm filter and no
additional solid phase extraction was performed. Urine
samples were diluted in HPLC-grade water and directly
analyzed. For the analysis of serum samples, fresh blood
samples were centrifuged for 10 min at 1,300 � g and
serum was collected and stored at �20�C until further
analysis. For serum protein precipitation, 100 ml 5% 5-
sulfosalicylic acid were added to 200 ml serum and 200 ml

HPLC-grade water. Precipitated proteins were removed by
centrifugation for 15 min at 13,000 � g. The supernatant
fraction was filtered through a 0.2-mm filter and directly
analyzed.

Creatinine Analysis

Creatinine determination was based on the Jaffe method
(Vasiliades 1976; Kroll et al. 1984). Briefly, 50 ml of diluted
urine samples were mixed with 150 ml alkaline picrate
solution (1.2% picric acid in 0.75 M sodium hydroxide).
After an incubation time of 15 min, the formation of an
orange-red complex between creatinine and alkaline picrate
was quantified by measuring the absorbance at 490 nm
using a microplate reader (BioTek, Friedrichshall,
Germany). Method calibration was achieved by measuring
the absorbance of different creatinine standard solutions.

Validation Procedure: Linearity and Calibration

Calibration of the method was carried out using three
different conditions. SSC standard solutions were added to
water, SSC-free urine, and serum samples. Peak area was
used for quantification and linearity was determined by
using a wide SSC concentration range from 2.5 to 200 mM.

Validation Procedure: Specificity

SSC determination was carried out using isocratic elution
from the HPLC column. Under those conditions, the
majority of the amino acids were eluted after the SSC
peak. To demonstrate this, a standard solution containing all
primary amino acids including SSC and taurine was
separated. The specificity of the method was also deter-
mined by analyzing urine and serum samples under the
same chromatographic conditions to show separation of
SSC from endogenous amino acids.

Validation Procedure: Limit of Detection and Limit
of Quantification

Limit of detection (LOD) and limit of quantification (LOQ)
were determined by measuring the standard deviation of
peak area and slope of the calibration curve. LOD and LOQ
were determined by adding increasing amounts of SSC
standard in the range of 2.5–200 mM to water, SSC-free
urine, and serum samples.

Validation Procedure: Precision and Reproducibility

Intraday precision was determined by analyzing samples
three times a day randomly and interday precision was
determined by analyzing samples at ten different days.
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Relative standard deviation (RSD) of peak area was used
and analysis was carried out at three different concen-
trations. Low quantity control (LQC), median quantity
control (MQC), and high quantity control (HQC) samples
were prepared by spiking, water, SSC-free urine, and serum
samples to a final concentration of 10, 60, and 200 mM,
respectively. Reproducibility of the method was assayed by
using different matrix batches, different column diameters,
and lengths. Different separation methods were tested
including isocratic or gradient elution at different flow
rates.

Validation Procedure: Recovery

The percentage of recovery was determined at three
concentration levels LQC, MQC, and HQC. SSC-free urine
and serum samples were spiked with SSC standard. Peak
area of the response was compared to that of standard
solutions prepared in water.

Results and Discussion

Derivatization

HPLC analysis of amino acids with OPA derivatization is
one of the most sensitive methods for amino acids
quantification with detection limits in the femtomole range.
OPA reacts with all primary amino acids under alkaline
conditions and in the presence of thiols OPA forms iso-
indoles that can be detected either by fluorescence (excita-
tion 230 nm, emission 450 nm) or absorbance at 340 nm
(Hill et al. 1979). Amino acids carrying a free thiol group
such as cysteine or homocysteine cannot be directly
detected with OPA derivatization and a modification prior
to the derivatization reaction is needed. Carboxymethyla-
tion is usually used to convert cysteine to carboxymethyl-
cysteine prior to OPA derivatization, thus leading to a
fluorescence intensity similar to other amino acids (Jarrett
et al. 1986). Based on the chemical structure of SSC
lacking a free thiol group, we have chosen to use a direct
derivatization of SSC with OPA without prior modification.

Chromatography

One of the critical steps in the OPA derivatization
procedure is the instability of the amino acid derivatives,
which is manifested by the decay of fluorescence over time
(Hogan et al. 1982; Fleury and Ashley 1983; Cooper et al.
1984). To overcome this problem, we aimed to develop fast
chromatographic methods using short columns (2.1 mm �
50 mm) and UPLC particles (reversed phase C18 1.7 mm)
to achieve high resolution at short analysis time. As a

result, separation was completed within 6 min using
isocratic elution allowing rapid analysis. Under the chro-
matographic conditions described, SSC yielded a sharp
peak eluting at 3.8 min (Fig. 1). Specificity of the method
was determined by analyzing a standard solution containing
all primary amino acids including SSC and taurine and a
gradient elution was applied after elution of SSC. The
results showed that most of the amino acids are eluted after
the SSC peak, and thus the chromatographic conditions
optimized for SSC allowed a clear separation from all other
amino acids (Fig. 2a).

Detection of OPA derivatives is carried out by using
either fluorescence or UV absorbance. However, SSC
showed a very low specific fluorescence when compared
to other primary amino acids (Fig. 2b). Furthermore, all
primary amino acids and SSC OPA-derivatives showed a
similar absorbance ratio at 338 nm; thus, using the UV
approach a direct identification of accumulated OPA
derivatives can be easily achieved.

We analyzed urine and serum samples derived from
control individuals for SSC content and the SSC peak was
separated (Fig. 3a, b). The SSC peak was identified by
comparing its retention time to that of a separately injected
standard peak and peak purity was proven by spectral
homogeneity (data not shown). SSC concentration was
determined by standard addition (Fig. 3a, b). Analysis of
samples derived from healthy individuals revealed the
presence of SSC in urine, while in serum SSC was below
detection limit. In contrast, analysis of urine and serum
samples derived from MoCD patients showed an accumu-
lated SSC peak, which was quantified in both urine and
serum samples (Fig. 3c, d).

HPLC analysis of OPA-derivatized amino acids is usually
carried out using alkaline buffers, which provide a greater
stability of the amino acid derivatives (Cooper et al. 1984).
However, a major problem of alkaline running buffers is the

Fig. 1 HPLC analysis of standard SSC solution. Twenty micromolar
SSC standard was prepared in H2O and analyzed under chro-
matographic conditions described in Materials and Methods. Reten-
tion time of SSC peak was 3.8 min. The large peak eluting before SSC
(depicted by an asterisk) represents a degradation product of OPA.
The OPA excess is used to ensure quantitative derivatization of all
primary amino acids in urine and serum
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Fig. 2 HPLC analysis of amino acids. A standard solution of 20 mM
containing all primary amino acids and additionally SSC and taurine
were prepared in H2O and separated under chromatographic con-
ditions described in Materials and Methods. Detection was carried out
by UVabsorbance at 338 nm (a) and fluorescence (b). All amino acids

are numbered and shown in the legend. The SSC peak is depicted by
an arrow in both panels. The differences in peak shape resulted from
the different elution methods used: For the first eight amino acids
isocratic elution was used while the remaining 12 amino acids were
eluted with a gradient from 10 to 60% of eluent B

Fig. 3 Standard addition method for quantification of SSC in urine and
serum. Control urine (a) and control serum (b) was analyzed and the
standard addition method was used to quantify SSC. Control urine
sample shows an SSC peak close to the detection limit whereas in
control serum SSC was not detectable. Analysis of urine (c) and serum
(d) samples derived from non-treated MoCD patient show a clear
accumulation of SSC. All chromatograms show an overlay of two

analyses. The first analysis was carried out by diluting samples with
H2O (�SSC addition) while prior to the second analysis the samples
were diluted with SSC standard (+SSC addition). SSC amounts were
quantified by comparing peak area in both analyses and SSC amounts
were normalized to creatinine for urine samples and expressed in mmol/
mol creatinine
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short lifetime of silica-based columns. The pH of the
mobile phase used under our chromatographic conditions
was not adjusted and corresponded to pH 9.2. Using a
conventional silica-based C18 reversed phase column, we
observed a continuous decrease in the retention time of the
SSC derivative with increasing number of injections (data
not shown). After 500 injections, the column completely
lost its separation performance. The sensitivity against
alkaline buffers was resolved by using Bridged Ethyl
Hybrid (BEH) particles (Waters, Germany). The BEH
particles consist of modified silica particles that provide
increased pH stability in the range of pH 1–12 compared to
the conventional silica-based C18 resins with a maximal
suitable pH of 8.0. Using the BEH C18 silica-based
columns, we did not observe any change in the retention
time of any analyzed derivatives for more than 5,000
injections.

Calibration, Precision, and Recovery

Method calibration was performed using ten different
concentrations of SSC standard ranging from 0 to
200 mM. All calibration standards were run in triplicate
and peak area was used for quantification. Linearity of the
method was determined in three different experimental set-
ups. Different concentrations of standard solutions were
prepared in (1) water, (2) urine, or (3) serum and
subsequently analyzed. The calibration curves displayed

high linearity over the concentration range investigated
(Fig. 4). LOD ranged from 1.08 to 1.44 mM and LOQ
ranged from 3.27 to 4.38 for serum and urine analysis,
respectively (Table 1).

Derivatization methods add extra steps in the sample
preparation procedure resulting often in variations between
repeated injections. By using automated precolumn deriva-
tization these variations can be reduced to a minimum.
Intraday and interday precision of the method were
determined and confirmed the low variation in repeated
sample injections (Table 1). The intraday and interday
precision of the method ranged from 0.70 to 3.86% and
0.56 to 8.22%, respectively. Recovery was determined for
urine and serum at three concentration levels of SSC and
ranged from 87.34 to 94.76% for urine and 92.16 to
102.84% for serum (Table 1).

Analysis of Human Samples

One of the applications of the described method is the fast
diagnostic analysis of urine samples derived from individ-
uals with suspected MoCD or SOD. A positive sulfite
dipstick is the starting point of diagnostic tests commonly
used in clinics and most laboratories. A typical diagnostic
procedure usually includes two steps: (1) fresh urine sample
is analyzed and SSC peak is identified by comparing the
retention time with that of standard and (2) standard
addition verifies the identity of the peak and quantifies

Fig. 4 Liniarity of SSC quantification. Ten SSC concentrations
ranging from 0 to 200 mM were spiked in H2O (a), SSC-free urine
(b) and SSC-free serum (c) and subsequently used for method
calibration. All samples were run in triplicates and points represent

means � relative standard deviations (RSD) of peak area. Equation
and correlation coefficient (R2) are given for the linear regression
curves of the three different conditions

Table 1 Method sensitivity, precision and recovery of SSC

Specimen LOD (mM) LOQ (mM) Intraday stability
RSD (%)

Interday stability
RSD (%)

Recovery (%)

LQC MQC HQC LQC MQC HQC LQC MQC HQC

H2O 1.18 3.58 1.12 3.86 2.19 3.34 4.15 0.57 – – –

Urine 1.44 4.38 0.76 1.45 0.81 8.22 1.97 6.65 96.10–97.73 99.60–100.75 96.09–97.48

Serum 1.08 3.27 0.70 1.04 2.77 0.56 3.87 3.40 95.77–96.72 92.16–93.53 98.89–102.84
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SSC. For this, a defined amount of SSC was added to urine
or serum sample, and the resulting chromatogram was
compared to the chromatogram obtained without standard
addition. A positive control displayed a symmetric SSC
Peak with an increased area (Fig. 3c, d).

Here, the method was applied to the analysis of 45
pediatric urine, 75 adult urine, and 24 serum samples all
derived from control individuals. SSC was detected in all
analyzed urine samples demonstrating the low detection
limit of the method (Fig. 5a). The values in pediatric urine
samples ranged from 0.26 to 18.83 mmol/mol creatinine
(median: 6.20 mmol/mol creatinine), and SSC levels of
adult urine samples were comparable with a median of
6.94 mmol/mol creatinine. This finding demonstrates a
similar SSC excretion level in both age groups. Serum
analysis revealed in general low SSC levels and the values
ranged from 0 to 5.39 mmol/l with a median of 0.91
(Fig. 5a). This finding suggests a continuous excretion of
SSC in urine without any threshold barrier.

Different urine samples from nontreated MoCD patients
were analyzed and SSC was detectable from the first days
of life. SSC analysis of urine samples derived from 12
genetically confirmed MoCD type A or type B individuals
showed SSC levels ranging from 85 to 695 mmol/mol
creatinine (Fig. 5b). Except the index case (Veldman et al.
2010), all currently cPMP-treated MoCD patients (Schwarz
et al., unpublished results) are monitored for their SSC
levels using the here described method. Here, we show
average data over a six months period for two patients
treated with cPMP (Schwahn et al. 2010) (Fig. 5b).

Pitt and colleagues reported SSC urinary levels of
0–9 mmol/mol creatinine for control individuals (Pitt et al.
2002) with a median of approximately 2 mmol SSC/mol
creatinine, which are lower than the SSC urinary levels
measured in this study with a median of 6.94 mmol/mol
creatinine. However, the authors reported a poor recovery
of SSC in low controls by using MS in negative-ion mode,
which they attribute to high salt content of urine samples

and the fact that a single internal standard was used. We did
not observe any vulnerability of the method used in this
study to the ionic content of the sample. Furthermore, we
quantified SSC by the use of an identical internal standard.
In addition, the reported SSC urinary values of a cPMP-
treated MoCD type A patient (Veldman et al. 2010) as well
as the reported values of two cPMP-treated MoCD patients
in this study are in the same range as the values determined
for healthy individuals. Taking into account that urine
analysis was carried out without precleaning procedures,
thus maximizing recovery, we conclude that the urinary
SSC values presented in this study can serve as reference
values, which should help to define a threshold limit
for future routine diagnostics.

Conclusion

We present a simple, fast, and robust method for the
determination of SSC in human urine. No sample clean-up
was required, thus reducing analysis time and the risk of
contamination. We have shown that our method can be
extended to the determination of serum SSC levels with the
inclusion of an additional precipitation step. High sensitiv-
ity of the method enabled determination of urinary SSC
levels in control pediatric and adult individuals revealing
a similar excretion range with a median of 6.20 and
6.94 mmol/mol creatinine, respectively. The method has
been successfully used for the diagnosis of MoCD/SOD
and routine monitoring of cPMP-treated MoCD patients
(Schwarz et al., unpublished results). The sensitivity,
linearity, and accuracy of the HPLC derivatization method
demonstrated in this study, together with the short analysis
time, makes this method suitable for automated diagnostic
analysis which can be used in a multi-well plate-based
autosampler. Given the fact that MoCD is still considered
an underdiagnosed inborn error in metabolism (Johnson
and Duran 2001), the described method should provide

Fig. 5 SSC levels in control individuals and MoCD patients. SSC
was quantified in urine and serum samples derived from control
individuals (a) and urine samples from MoCD patients (b). In total, 45
pediatric urine samples (filled circles), 75 adult urine (empty circles)
and 24 adult serum samples (empty squares) were analyzed to
determine the SSC threshold in control individuals. SSC values of

urine samples derived from 12 nontreated MoCD patients are shown
in panel b (filled circles) and from two cPMP-treated MoCD patients
(empty circles). SSC amount is given in mmol/mol creatinine and
mmol/l for urine and serum samples, respectively. Median values are
shown by horizontal bars
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diagnostic laboratories with an accurate, fast, and cost-
effective method to quantify SSC levels in urine and
serum.
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