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Abstract

Benzene is a known genotoxic carcinogen linked to many hematological abnormalities. S-
phenylmercapturic acid (PHMA, N-acetyl-S-(phenyl)-L-cysteine, CAS# 4775-80-8) is a urinary
metabolite of benzene and is used as a biomarker to assess benzene exposure. Pre-S-
phenylmercapturic acid (pre-PHMA) is a PHMA precursor that dehydrates to PHMA at acidic pH.
Published analytical methods that measure urinary PHMA adjust urine samples to a wide range of
pH values using several types of acid, potentially leading to highly variable results depending on
the concentration of pre-PHMA in a sample. Information is lacking on the variation in sample prepa-
ration among laboratories regularly measuring PHMA and the effect of those differences on PHMA
quantitation in human urine samples. To investigate the differences in PHMA quantitation, we con-
ducted an inter-laboratory comparison that included the analysis of 50 anonymous human urine
samples (25 self-identified smokers and 25 self-identified non-smokers), quality control samples
and commercially available reference samples in five laboratories using different analytical meth-
ods. Observed urinary PHMA concentrations were proportionally higher at lower pH, and results
for anonymous urine samples varied widely among the methods. The method with the neutral
preparation pH yielded results about 60% lower than the method using the most acidic condi-
tions. Samples spiked with PHMA showed little variation, suggesting that the variability in results
in human urine samples across methods is driven by the acid-mediated conversion of pre-PHMA
to PHMA.
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Introduction

Benzene is a known genotoxic carcinogen linked to many hema-
tological abnormalities including acute myeloid and acute non-
lymphocytic leukemia (1–4). It is a starting material for a variety of
synthetic resins, plastics and fibers. Sources of occupational expo-
sure to benzene include manufacturing processes such as paint,
tire and rubber production and the petrochemical industry. Other
environmental sources of benzene include traveling in or proximity
to combustion vehicles and pumping gasoline (1, 5–7). However,
tobacco smoke is the greatest single source of benzene exposure in
the population (5, 8) as would be expected because of the microgram
quantities of benzene found in the mainstream smoke of a sin-
gle cigarette (9). Previous studies showed that S-phenylmercapturic
acid (PHMA), a urinary biomarker of benzene exposure, is ele-
vated in cigarette smokers (10–12). PHMA levels have been quan-
tified in the general population in studies such as the US National
Health and Nutrition Examination Survey (NHANES) (13), the
Canadian Health Measures Survey (CHMS) (14), the Population
Assessment of Tobacco and Health study (15) and in workers to
monitor occupational exposure (6, 16, 17). There remains a com-
pelling need for robust PHMA analysis to assess human exposure
to benzene.

A variety of urine sample preparation approaches (17–20) are
described in the literature. Discrepancies in quantitative urinary
PHMA values due to differences in sample preparation are well
documented (21, 22). Pre-PHMA is a benzene oxide metabolite in
the glutathione metabolic pathway that undergoes acid dehydration
to form PHMA (6, 23, 24) (Figure 1). The presence of pre-S-
phenylmercapturic acid (pre-PHMA) in urine can influence PHMA
quantitation. The ratio of pre-PHMA to PHMA varies from person
to person, and the conversion from pre-PHMA to PHMA is sensi-
tive to pH. Therefore, conversion of pre-PHMA to the more stable
PHMA is a typical analytical approach.

Estimates of the percentage of pre-PHMA as a portion of total
PHMA in urine vary from a low of 75% to a high of 99% in
exposed workers and smokers (21, 22). Paci et al. (22) mea-
sured urinary PHMA by treating urine samples with a strong min-
eral acid (9M H2SO4, presumed full conversion of pre-PHMA to
PHMA), an organic acid (glacial acetic acid, presumed partial con-
version) and without pH adjustment (free PHMA). They found
that total urinary PHMA concentration increased with decreasing
pH, with pH 2 capturing, on average, 44% of the total PHMA.
Sterz et al. (25) measured PHMA in samples from occupationally
exposed individuals using four different pH conditions: untreated,
formic acid (pH 2), HCl (pH∼1) and sulfuric acid (pH∼0.6). They
also observed that PHMA increased as pH decreased. However,
Sterz et al. suggested that the type of acid used to achieve the
pre-PHMA to PHMA conversion may also influence quantitation.
They found that while the presumed pre-PHMA mass spectral peak
(m/z 256→109) disappeared at pH∼1 after successive additions
of 37% HCl, samples prepared in concentrated H2SO4 (pH∼0.6)
had significantly higher PHMA concentration than samples prepared
with 37% HCl (pH 0.5–1.0). They suggested unidentified side reac-
tions and/or other sources of PHMA as the cause of the increase and
advised adjusting the pH of urine samples to 0.5–1.0 by adding HCl
to ensure complete conversion of pre-PHMA to PHMA.

While several groups have explored the effects of sample prepa-
ration pH on PHMA quantitation (22, 25), a systematic, multi-
laboratory study to evaluate these differences using a single set of
samples has not been published. A small, two-laboratory compari-
son found agreement between two methods analyzing the same set
of 149 urine samples from petrochemical workers (26). The authors
concluded that their results assured the comparability of their pre-
vious studies that used these two methods. However, the difference
in sample preparation pH between the two methods was small rel-
ative to the difference in pH observed in other published methods.

Figure 1.Metabolism of benzene to pre-PHMA followed by dehydration to PHMAduring sample prep. CYP, Cytochrome P-450; GSH, Glutathione; GST, Glutathione
S-transferase.
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An existing global effort to support laboratories that quantitate uri-
nary PHMA is the German External Quality Assessment Scheme
(G-EQUAS), a program maintained by the University of Erlangen-
Nuremberg. Unfortunately, this program does not collect informa-
tion from participating laboratories regarding the method used to
prepare samples for PHMA quantitation. It is not clear whether
G-EQUAS samples contain levels of pre-PHMA high enough to
mimic an exposed population. These drawbacks limit its useful-
ness in understanding how differences in samples preparation affect
PHMA results.

Given that sample pH has a large, documented impact on uri-
nary PHMA concentration and the possibility that other factors may
also influence quantitation [e.g., type of acid used to achieve conver-
sion, unidentified sources of PHMA (25)], we asked five laboratories
using different liquid chromatography–tandem mass spectrometry
(LC–MS-MS) methods to analyze the same set of samples. We
invited laboratories that currently and/or regularly analyze human
urine samples for PHMA for benzene exposure studies. The meth-
ods included an assay used by the Centers for Disease Control and
Prevention (CDC) to measure urinary PHMA for NHANES cycles
2005–2006 and 2011–2012 through 2015–2016 (method A) (18),
a recently developed benzene metabolite assay by CDC (method B)
(27), the assay used in the CHMS cycles 2–4 (methodC) (28) and two
other assays used by laboratories that regularly investigate benzene
exposure in the population, method D (29) (modified to include an
initial acid treatment step) and method E (20). We supplied each lab-
oratory with 50 anonymous human urine samples (25 self-identified
smokers and 25 self-identified non-smokers), spiked quality con-
trol (QC) materials and a commercially available reference material.
We compared accuracy and precision across the methods using the
QC pools and reference material and assessed agreement of uri-
nary PHMA results across methods using the anonymous human
urine samples.

Methods

Preparation of human urine samples
Fifty unique, spot urine samples (10 mL) from 25 self-identified non-
smokers and 25 self-identified smokers (Tennessee Blood Services,
Memphis, TN, USA) were thawed to room temperature and placed
on a rotating mixer for 15 minutes. Samples were then aliquoted into
5- or 2-mL cryogenic vials (P/N 1050027 and P/N 1050026, Ther-
moFisher Scientific, Waltham, MA, USA) using a Microlab STAR
automated liquid handling system (Hamilton, Reno, NV, USA).

Preparation of QC pools
QC pools consisted of spiked human urine anonymously collected at
CDC (IRB Approved Protocol #3994). Urine samples were collected
andmeasured for urinary PHMAusingMethod B before pooling and
spiking. All samples were found to have PHMA levels below the limit
of detection (LOD), and the spiked urines were within 9% of the
targeted concentrations. Selected urine samples were pooled (∼400
mL each) into a low (QCL) and high portion (QCH) and shipped
to an external ISO 17034 and ISO/IEC 17025 certified lab (o2si,
Charleston, SC, USA) for spiking and aliquoting. Urine pools were
spiked by o2si with a PHMA intermediate stock solution prepared
in methanol to bring the pool concentrations within the lower and
upper reportable ranges of participating laboratories. The PHMA
intermediate stock solution was prepared by o2si from neat PHMA
(CAS 4775-80-8, catalogue #P33560, lot #4-TKN-68-1, Toronto
Research Chemicals, Toronto, ON, Canada).

We characterized the QC pools by inspecting the distribution
of results from both high and low pools across 20 characterization
runs. Subsequent analysis of the slope of the QC pool concentration
measurements ordered by analysis date yielded a 95% confidence
interval (CI) of -0.0102 to 0.0654 for the QCH slope estimate and
0.00141–0.0132 for the QCL slope estimate. The slope estimate for
QCH pool included zero and the slope estimate for QCL pool was
negligible; therefore, we concluded that the pool was homogeneous
for the purpose of this study.

Reference samples
We purchased ClinChek Parameters for Occupational Medicine
Level I and II (product #8922, lot #1316, RECIPE Chemicals
+ Instruments, Munich, Germany) from Iris Technologies Inter-
national (Olathe, KS, USA). We requested that participating lab-
oratories reconstitute and store the lyophilized reference samples
according to the manufacturer’s instructions. Mean values and con-
trol ranges for each level were based on the material lot documenta-
tion. These values were established using results from independent
reference laboratories using chromatographic techniques follow-
ing the Guideline of the German Medical Association on Quality
Assurance (30).

Sample analysis and reporting
Laboratories received the following samples frozen on dry ice: 50
anonymous human urine samples (laboratories were blind to self-
identified smoking status), two QC pools and a lyophilized reference
material. We asked laboratories to measure PHMA in the 50 urine
samples and report one result for each sample using their typical ana-
lytical, QC and reporting practices. We requested that laboratories
analyze each QC pool three times, each from an unopened vial, over
at least 5 days and ClinChek Level I and II samples at least three
and no more than five times in different analytical runs, from the
same ampoule. Results were compiled by the CDC laboratory and
combined into a single file for statistical analysis.

Statistical analysis
Statistical analyses were performed using RStudio 1.1.423 (R Foun-
dation for Statistical Computing, Vienna, Austria). We checked for
the presence of outliers in both QC pools using the Grubbs test.
Two outliers were identified in the QCL pool for method A and
were removed before subsequent analysis. We evaluated precision
using the coefficient of variance (%CV) (31) calculated from twoQC
pools run in triplicate across five analytical batches. Intra-run %CV
was calculated for QCL and QCH based on the intra-run mean of
the three sample results. Inter-run %CV was calculated by averag-
ing intra-run means across the five batches. For unknown samples,
results less than the LOD were imputed (32) using each method’s
reported LOD/

√
2. One exceedingly high sample (R503543 in Sup-

plemental Table 1) was removed from the dataset due to a large
influence on regression estimates.

We compared result means for each method using a Student’s
two-sided t-test with Tukey post-hoc P-value adjustment (P<0.05).
We then performed a second analysis on a scatter plot of paired
results using a linear weighted (1/x2) Deming regression (33) with the
mcreg function in R’s mcr package. The Deming regression accounts
for imprecision present in both axes using a variance ratio (34). We
averaged the %CV values from QCL and QCH for each method
in the pairwise comparison and ratioed them to obtain the variance
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ratio. Similarity between methods was assessed by comparing slope
and intercept estimates and 95% CI and Pearson correlation values
from the Deming regression.

Results

We analyzed results from the five participating laboratories, each
of which used different LC–MS-MS methods (identified as methods
A–E) to quantify PHMA in identical urine aliquots. We summarized
each method’s sample preparation parameters (Table I) and analyt-
ical parameters (Table II). In addition, we calculated the precision
and accuracy of each method, and we used the human urine sam-
ples to ascertain differences and trends in calculated PHMA values
between them.

Laboratory method parameters
The participating laboratories used a wide range of sample
preparation techniques (Table I). Two laboratories (A–B) used direct
injection after dilution (dilute-and-shoot) methods, two used solid-
phase extraction (SPE, C–D) and one used liquid/liquid extraction
and derivatization (E). Methods used a wide pH range in the acid-
treatment step or in the sample diluent, ranging from∼0.5 to 6.8.
Method A used a sample diluent with the highest pH (6.8) and
method B used a sample diluent with the median pH (2.9). Two
methods, C (pH 1.4) and D (pH∼0.5), used a strong acid-treatment
step but used different acids, H3PO4 and HCl, respectively. Method
E’s extraction process used KH2PO4 during extraction at pH∼4.5.
In the dilute-and-shoot methods, samples were prepared (1:9) in
sample diluent and held at the diluent pH prior to analysis. In

Table I. Selected Sample Preparation Parameters of Urinary PHMA Methods

Method

Parameter A B C D E

Sample
preparation

Dilute and
shoot

Dilute and
shoot

SPE SPE Liquid/liquid
extraction

Sample
treatment
pHa

6.8 2.9 1.4 ∼0.5 ∼4.5

Treatment time
(min)

– – No treatment
time

10 10

Acid used
for sample
pretreatment

– – 4% H3PO4 36% HCl KH2PO4

Sample diluent 15 mM
NH4OAc

5 mM
NH4HCO2,
0.15%
HCOOH

– – –

Reconstitution
solvent

– – 0.05%
CH3COOH

30% methanol
in 15 mM
NH4OAc

Methanol

aUsed diluent pH for dilute-and-shoot methods. “–” is not applicable.

Table II. Selected Analytical Parameters of Urinary PHMA Methods

Method A B C D E

Sample volume
(mL)

0.050 0.050 0.400 0.200 0.300

Internal standard PHMA-13C6 PHMA-13C6 PHMA-13C6 PHMA-d5

(phenyl)
PHMA-d3 (acetyl)

PHMA standard
manufacturer
(lot#)

Toronto Research
Chemicals (7-
ECGW-117-1)

Toronto Research
Chemicals (4-
TKN-68-1)

Cambridge
Isotope Lab-
oratories
(PR-15201)

Toronto Research
Chemicals (7-
ECGW-115-2)

Tokyo Chem-
ical Industry
Co., Ltd (not
provided)

Mobile phase A 15 mM NH4OAc 5 mM NH4HCO2 0.05%
CH3COOH

15 mM NH4OAc Water

Mobile phase B Acetonitrile Methanol Acetonitrile Methanol Methanol
Column Waters

HSS T3, 100Å,
1.8 µm, 2.1 mm
× 150 mm

Waters
HSS PFP, 100Å,
1.8 µm, 2.1 mm
× 100 mm

Waters
HSS T3, 100Å
1.8 µm, 2.1 mm
× 50 mm

Phenomenex Syn-
ergi Max-RP,
C12, 100Å 2.5
µm, 3.0 mm ×
50 mm

Phenomenex Syn-
ergi Polar RP,
80Å, 4 µm, 4.6
mm × 150 mm

Source/mode ESI/– ESI/– ESI/– APCI/– EC-APCI/–
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Table III. Inter-day Variation for PHMA Results (µg/L) by Method and QC Levela

Pool Method Mean (µg/L) SD CV (%)

A 1.41 0.204 14.5
B 1.03 0.060 5.78

QCL C 0.934 0.029 3.08
D 1.05 0.050 4.77
E 1.12 0.176 15.7
Overall 1.11 0.180 16.2
A 11.6 1.38 11.9
B 13.1 0.255 1.94

QCH C 11.2 0.482 4.31
D 14.0 0.256 1.83
E 12.7 1.05 8.27
Overall 12.5 1.14 9.08

aInter-day variation was calculated based on intra-run means (average of triplicate sample results) averaged across 5 days.

Table IV. PHMA ClinChek Results (µg/L) by Reference Material Level and Method

Ref. Mat.

Method
Observed mean SD CV (%) N % Error Established mean value Control range

ClinChek
Level I
A 4.41 0.728 16.5 5 –8.7
B 5.37 0.438 8.17 3 11.2
C 4.25 0.256 6.01 5 –12.0
D 5.11 0.272 5.32 5 5.8
E 4.44 0.399 8.99 5 –8.1

4.83 3.86–5.79

ClinChek
Level II
A 38.5 5.87 15.3 5 –12.5
B 48.5 3.58 7.37 3 10.2
C 38.0 1.53 4.03 5 –13.6
D 46.7 3.53 7.56 5 6.1
E 41.7 2.94 7.05 5 –5.2

44.0 35.2–52.8

% Error was calculated as [(observed mean − established mean value)/established mean value] × 100.

contrast, samples in methods using SPE were acid-treated for a spe-
cific time and then pH-adjusted before injection onto the instrument.

All laboratories used LC–MS-MS in negative-ion mode to mea-
sure PHMA using the same quantitative transition, m/z 238 → 109.
Selected analytical parameters of laboratory methods are summa-
rized in Table II. Methods A, B and C used electrospray ionization
as the ionization source and PHMA-13C6 as the internal standard.
Methods D and E used atmospheric pressure chemical ionization
(APCI) and electron capture APCI, respectively, and two different
deuterated internal standards.

Precision
We evaluated method precision using the two spiked QC pools and
the ClinChek reference material. One of the five methods did not
report one of the individual QCH results for Day 2. All methods
reported QC results greater than their LOD. We assessed precision
using two QC pools run in triplicate across 5 days. Intra-run preci-
sion was calculated from QC pool replicate results in the same run
(Supplemental Tables 2 and 3). Inter-run precision is summarized in
Table III. The range of CVs forQCL andQCHwere 3.08–15.7%and
1.83–11.9%, respectively. Methods with the highest CV for QCL
and QCH were A (14.5% and 11.9%, respectively) and E (15.7%
and 8.27%, respectively).

Precision from replicate analysis of ClinChek samples showed
thatMethod A had CV>15% for both ClinChek levels, whereas CVs
for all other methods were <10% (Table IV).

Accuracy
Method accuracy was evaluated by comparing each method’s
ClinChek results (Supplemental Table 4) to the manufacturer’s pub-
lished mean value and control range. All ClinChek I and ClinChek
II PHMA results (Figure 2) were within the control range, except
for results from method A, where two of the five results from each
level were below the bottom of the control range. The mean of
results submitted by each laboratory were all within the upper and
lower control ranges and within less than a 15% error of ClinChek’s
established mean value (Table IV).

Unknown urine samples
All laboratories reported a result for each of the 50 samples
(Supplemental Table 1). The number of unknown samples with
results greater than LOD and the range of results are summarized
in Table V. Method LODs ranged from a low value of 0.024 µg/L
(method D) to a high value of 0.600 µg/L (method A). Four of the
five participating laboratories reported numeric values for results less
thanLOD, while one lab reported their LOD. Sample results were
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Table V. Unknown Urine Sample Results (µg/L) by Method (n=50)

Measured PHMA (µg/L)
Method LOD (µg/L) ULOQ (µg/L) n >LOD

Minimum Maximum

A 0.600 100 40 0.607 9.03
B 0.150 100 35 0.202 18.7
C 0.080 120 42 0.094 26.2
D 0.024 100 47 0.035 29.7
Ea 0.200 50.0 45 0.201 16.6

aLaboratory E uses a limit of quantitation (LOQ) rather than an LOD. For the purposes of this study, we used their LOQ as the method LOD. ULOQ, upper limit of quantitation.

below all methods’ upper limit of quantitation, defined as the highest
concentration still within the calibration range. Sample-result ranges
varied widely across methods. MethodD had the largest range (µg/L)
of 0.035–29.7, while method A had the smallest range (µg/L) of
0.607–9.03.

We performed linear regression analyses on the average of all
PHMA unknown results against each laboratory’s individual results.
Quantitative results correlated well between methods that used some
form of sample acidification (methods B–E), with R values rang-
ing from 0.770 to 0.983 (Figure 3). The correlations improved with
decreasing pH.Method A had the highest pH of all participating lab-
oratories and the lowest correlation (R=0.403) with the mean of all
method results. In general, the observed concentration of PHMA in
human urine samples was higher when prepared at lower pH, which
is consistent with previous reports.

A pairwise comparison found a significant difference between
the means of methods A and D (P=0.008), B and D (P=0.002)
and E and D (P=0.0002). Method C, the only other method using
strong acidic conditions aside from method D, was the only method
mean not statistically different from method D’s mean. Results of
the follow-up evaluation using a Deming regression of a scatterplot
of unknown results (Table VI) show that the methods in this study
do not provide statistically similar urinary PHMA results compared
to the precision of the methods, despite pairwise means comparison
testing suggesting otherwise.

A slope estimate of 1.0 (or a slope estimate CI that contains
1.0) and an intercept estimate of 0 (or an intercept estimate CI that
contains 0) indicate that the two methods provide results that are
statistically equal. None of the slopes and intercepts from the pair-
wise Deming regressions meet this threshold, even when the Pearson
correlations are >0.990. The slope estimates from a pairwise compar-
ison of method A and all other methods contained 1.0, but method
A correlated poorly with all other methods (0.241–0.250) and had
large CIs around the slope and intercept estimates. Methods with at
least some form of acid-treatment step correlated much better with
one another and had smaller CIs around the slope and intercept esti-
mates. However, the slope estimates from the pairwise comparisons
show systematic biases among these methods.

Discussion

This inter-laboratory comparison is the first, to our knowledge, to
obtain quantitative urinary PHMA values from multiple LC–MS-
MS methods that include different sample preparation techniques
and pH. Estimating slopes and intercepts in linear space allowed
us to directly assess the magnitude of differences in quantitation
between methods (Table VI). The three method pairs with the best
Pearson correlation were B and C, B and D and C and D. However,

Figure 2. Scatterplot depicting ClinChek Level I (A) and ClinChek Level II (B)
urinary PHMA results for each method. Solid lines represent manufacturer’s
established mean values, and dotted lines represent upper and lower control
range.

these comparisons uncovered substantial biases between methods.
Method B reported results that were 58% of the values reported by
method C and 37% of the values reported by method D. Results for
method D, which had the lowest sample preparation pH, matched
method C results most closely. However, with a slope (CI) estimate
of 0.632 (0.600, 0.675), observed PHMA results from method C are
about 63%of those observed using methodD. The intercept estimate
is 0.037 (0.017, 0.043) and the CI does not contain 0, but since the
intercept is the same order of magnitude as the LODs (method D:
0.024 µg/L, method C: 0.08 µg/L), it does not have a large impact
on quantitation when the observed concentration is above the LOD.

The results from Deming regressions of these split-sample results
reveal large, systematic biases among all methods, even methods
with strong acidic sample preparation conditions (i.e., method C
and method D). Method D is the only method to use strong acidic
sample preparation parameters like those recommended by Sterz
(pH of urine adjusted to 0.5–1.0 using HCl) to ensure complete
pre-PHMA to PHMA conversion. Laboratories may choose more
alkaline sample preparation conditions depending on the need to
quantify additional analytes in the same method (18). The authors
of method A acknowledge measuring only “free” PHMA (18),
noting that acidic conditions negatively affected the stability of
other analytes in a method measuring 28 volatile organic compound
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Table VI. Deming Regression of PHMA Results (Urine Samples) Arranged in Order of Increasing Pearson Correlation

Method X Method Y Pearson correlation Slope (95% CI) Intercept (95% CI) Variance ratio

D C 0.994 0.632 (0.600, 0.675) 0.037 (0.017, 0.043) 0.893
C B 0.994 0.580 (0.548, 0.611) 0.064 (0.053, 0.071) 0.957
D B 0.992 0.368 (0.338, 0.399) 0.087 (0.075, 0.093) 0.855
E B 0.744 1.28 (1.04, 1.63) –0.176 (–0.298, –0.103) 3.10
E C 0.695 1.84 (1.51, 2.36) –0.292 (–0.473, –0.206) 3.24
E D 0.691 2.32 (1.88, 2.98) –0.348 (–0.532, –0.273) 3.63
A E 0.250 0.346 (–13.6, 17.8) 0.083 (–13.6, 11.3) 1.10
A C 0.248 1.53 (–7.02, 15.7) –0.936 (–11.5, 7.65) 3.57
A B 0.244 1.07 (0.483, 11.3) –0.559 (–7.84, –0.148) 3.42
A D 0.241 2.04 (–8.07, 18.7) –1.38 (–18.1, 9.52) 4.00

metabolites. While measuring only “free” PHMA should yield lower
observed PHMA concentrations in unknowns, observed results with
method Awere highest for 17 of the 40 unknowns greater than LOD
(0.600 µg/L), suggesting that method A may also not be selective
for PHMA in some urine samples. PHMA does not have a reli-
able confirmation transition because it does not produce any other
fragments of reasonable intensity in negative ion mode. Less acidic
sample preparation conditions (pH>2) may be preferred for anal-
yses without SPE to prevent corrosion of LC–MS-MS components
and/or acid hydrolysis of stationary phase functional groups. While
SPE can remove this limitation, it may be cost-prohibitive for large
studies. The compromises and limitations of multianalyte methods
highlight the importance of evaluating and comparing the effects of
assay conditions on quantitation of individual analytes.

We used QC pools and reference materials spiked with PHMA
to determine the precision and accuracy of each method. Sample
preparation parameters (Table I) covered a wide pH range of <1.0 to
6.8 using three different preparation techniques (dilute-and-shoot,
SPE and liquid/liquid extraction). Analytical parameters also var-
ied (Table II), including the use of different stable isotope internal
standards. While not investigated in this study, deuterated internal
standards can undergo deuterium exchange (though highly unlikely
for PHMA-d5 [phenyl]), resulting in a reduction in the concentra-
tion of the internal standard and leading to an artificial increase
in quantitation (35). Deuterium-labelled internal standards may not
accurately capture ion suppression due to retention-time offset from
the native analyte (36). Yet, despite differences in analytical param-
eters (such as different internal standards) and sample preparation
parameters, results for ClinChek levels I and II were within range
(Table IV) for all methods, with the exception of two measurements
from method A. The QCL and QCH observed mean concentrations
were similar across the five methods (Table III), except for method
A, where QCL mean is about 40% higher than the other methods.
This difference may be due, in part, to the actual concentration of
QCL being only slightly above two times the LOD of method A
(0.600 µg/L). The relationship between sample preparation pH and
PHMA values in human urine samples in this study, but not in spiked
samples, suggests that differences in analytical parameters have a
negligible impact on quantitation compared to differences in sample
preparation pH.

Laboratories typically assess their accuracy through an external
quality-assurance program. For example, CDC has participated in
G-EQUAS since 2017 and has passed the PHMA proficiency tests
using method A. Other laboratories in this study have also suc-
cessfully participated in G-EQUAS. However, this study shows that
spiked reference materials are not a reliable indicator of method

Figure 3. PHMA results (µg/L) from unknown samples (n=49) plotted against
the corresponding averaged results across the five methods.

accuracy in urine samples from exposed individuals due to the
absence of a significant amount of pre-PHMA. Pre-PHMA is lack-
ing in the QC pools and ClinChek samples used in this study but
is presumably present in the smokers’ urine samples. Moreover,
non-spiked reference materials such as NIST SRM 3672, a material
containing only smoker’s urine and therefore likely to contain pre-
PHMA, may also be of limited use since the PHMA value assigned to
the material may be dependent on the sample preparation conditions
and analytical method used to characterize it. The above variations
should be considered when evaluating test results for urinary PHMA
from different analytical methods.

An alternative to non-spiked urine samples from exposed donors
would be samples enriched with a known concentration of pre-
PHMA. However, pre-PHMA is not commercially available, pos-
sibly due to the instability of the product (37). Therefore, we cannot
assess the relationship between factors such as pre-PHMA concen-
tration, time, pH and type of acid on the extent of conversion
of pre-PHMA to PHMA in the absence of the urine matrix. A
pre-PHMA solution could be used to systematically evaluate the
effect of different pre-PHMA dehydration conditions to determine
whether discrepancies in PHMA measurements are solely due to
pH or whether other sources of PHMA in human urine samples
and/or side reactions also play a role. In the absence of a solution
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of known pre-PHMA concentration, a urine sample with a large
concentration of pre-PHMA could be used to investigate the relation-
ship between PHMA concentration, time and pH. Repeat analysis
of such a sample over time would show whether a sample treated
at higher pH (e.g., method C, where samples are treated for a very
short time at pH 1.4) can achieve results comparable to lower pH
methods (e.g., method D, where samples are treated for 10 minutes
at pH∼0.5) given an extended treatment time.

Conclusion

Among methods with results that correlated well with the average
of all other results (R>0.9), urinary PHMA results for individual
samples from the method with the highest pH (method B, pH 2.9)
were only 37% of the results from the method using the lowest pH
(method D, pH∼0.5). This result is consistent with previous obser-
vations which showed that PHMA quantitation is pH dependent.
Two methods in this study (C and D) used strong acidic sample
preparation conditions (pH 1.4 and∼0.5, respectively) but gener-
ated dissimilar results (method C results were only %58 of method
D) using two different acids (H3PO4 vs HCl, respectively). These dis-
crepancies underscore the need for a comprehensive understanding
of the relationship between pH, incubation time and acid type on
pre-PHMA conversion to PHMA. Four of the five methods in this
study provided PHMA results within the target range for a commer-
cially available reference material for all five measurements. While
the results for PHMA-spiked QC pools and ClinChek were similar
across the five methods, the results for “real” urine samples were
not. PHMA-spiked urine samples like those used in proficiency test-
ing programs and reference materials like ClinChek do not provide
information on the accuracy of the method when measuring “real”
urine samples that contain significant quantities of pre-PHMA.
Though the pH dependence of PHMA quantitation is well known,
multi-analyte methods may not be optimized for PHMA analysis.
Methods may not be extensively validated using non-spiked samples
containing large quantities of pre-PHMA to determine the level of
conversion to PHMA achieved using the method’s sample prepara-
tion conditions relative to complete conversion. These compromises
lead to large differences in PHMA quantitation across analytical
methods. The results of this method comparison suggest that care
must be taken when drawing comparisons across studies using dif-
ferent analytical methods to measure urinary PHMA, as variations
in sample preparation parameters like pH lead to large differences in
the quantitation of urine samples that contain pre-PHMA.
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