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BACKGROUND: Electrophoretic separation of serum and
urine proteins has played a central role in diagnosing and
monitoring plasma cell disorders. Despite limitations in
resolution and analytical sensitivity, plus the necessity for
adjunct methods, protein gel electrophoresis and immu-
nofixation electrophoresis (IFE) remain front-line tests.

METHODS: We developed a MALDI mass spectrometry–
based assay that was simple to perform, automatable,
analytically sensitive, and applicable to analyzing the
wide variety of monoclonal proteins (M-proteins) en-
countered clinically. This assay, called MASS-FIX, used
the unique molecular mass signatures of the different Ig
isotypes in combination with nanobody immunoenrich-
ment to generate information-rich mass spectra from which
M-proteins could be identified, isotyped, and quantified.
The performance of MASS-FIX was compared to current
gel-based electrophoresis assays.

RESULTS: MASS-FIX detected all M-proteins that were
detectable by urine or serum protein electrophoresis. In
serial dilution studies, MASS-FIX was more analytically
sensitive than IFE. For patient samples, MASS-FIX pro-
vided the same primary isotype information for 98%
of serum M-proteins (n � 152) and 95% of urine
M-proteins (n � 55). MASS-FIX accurately quantified
M-protein to �1 g/dL, with reduced bias as compared to
protein electrophoresis. Intraassay and interassay CVs
were �20% across all samples having M-protein concen-
trations �0.045 g/dL, with the ability to detect
M-proteins �0.01 g/dL. In addition, MASS-FIX could
simultaneously measure �:� light chain ratios for IgG,
IgA, and IgM. Retrospective serial monitoring of patients
with myeloma posttreatment demonstrated that MASS-

FIX provided equivalent quantitative information to ei-
ther protein electrophoresis or the Hevylite™ assay.

CONCLUSIONS: MASS-FIX can advance how plasma cell
disorders are screened, diagnosed, and monitored.
© 2016 American Association for Clinical Chemistry

Plasma cell disorders (PCDs)5 are characterized by ex-
pansion of clonal PCs, which results in an overabundance
of a monoclonal Ig, referred to as the monoclonal protein
(M-protein). The M-protein is a surrogate marker of the
PC clone, and as such, the diagnosis and management of
PCDs depends on accurate identification, characteriza-
tion, and quantification of M-proteins. Depending on
the clinical indication (screening, monitoring, or assess-
ing treatment response), different combinations of serum
and urine protein electrophoresis (SPEP and UPEP), se-
rum and urine immunofixation electrophoresis (IFE), se-
rum free light chain (FLC) assays, Ig quantification, and
the Hevylite™ assay are used to detect and measure
M-proteins (1–5 ). The heterogeneity of M-proteins as-
sociated with different PCDs and the limitations of each
assay necessitates the use of multiple tests.

SPEP is used to screen and quantify M-proteins;
however, given its limited analytical sensitivity and in-
ability to differentiate comigrating proteins, additional
reflex testing is often necessary (6–8 ). IFE, in addition to
providing isotype information, is analytically more sen-
sitive and specific than SPEP. IFE has a role in detection
of minimal residual disease but is hindered by low reso-
lution, variations in interpretation across institutions (9 ),
posttreatment oligoclonal responses (10 ), and interfer-

1 Departments of Laboratory Medicine and Pathology and 2 Health Sciences Research;
3 Medical Genome Facility-Proteomics Core; and 4 Division of Hematology, Department
of Medicine, Mayo Clinic, Rochester, MN.

* Address correspondence to this author at: Protein Immunology Laboratory, Division of
Cellular and Department of Laboratory Medicine and Pathology, Mayo Clinic, 200 First
St. SW, Rochester, MN, 55905. Fax 1-507-284-5000, e-mail murray.david@mayo.edu.

Received December 30, 2015; accepted July 18, 2016.
Previously published online at DOI: 10.1373/clinchem.2015.253740
© 2016 American Association for Clinical Chemistry
5 Nonstandard abbreviations: PCD, plasma cell disorder; PC, plasma cell; M-protein,

monoclonal-protein; SPEP, serum protein electrophoresis; UPEP, urine protein electro-

phoresis; IFE, immunofixation electrophoresis; FLC, free light chain; CE, capillary elec-
trophoresis; IT, immunotyping; MS, mass spectrometry; miRAMM, monoclonal Ig rapid
accurate mass measurement; NB, nanobody; LC, light chain; HC, heavy chain; TCEP,
[2-carboxyethyl] phosphine; ACHCA, �-cyano-4-hydroxycinnamic acid; ACN, acetoni-
trile; FWHM, full-width at half-maximum height; AUC, area under the curve; HLC, heavy
and light chain; M-spike, monoclonal-spike; NHS, normal human serum; EMR, elec-
tronic medical record; ESI-QTOF, electrospray ionization quadrupole TOF; MGUS, mono-
clonal gammopathies of undetermined significance.

Clinical Chemistry 62:10
1334–1344 (2016)

Clinical Immunology

1334



ences from monoclonal therapeutics (11–13). Further-
more, IFE is not quantitative and remains one of the
most manual laboratory assays used for identification of
PCDs. Capillary electrophoresis (CE) is an alternative to
gel-based methods (SPEP, IFE). CE has improved res-
olution and is more automatable but still encounters
difficulties with limited analytical sensitivity and co-
migrating substances (14, 15 ). CE-based isotyping is
accomplished using immunotyping (IT) techniques,
but these methods are analytically less sensitive than
IFE (16 ).

To improve the analytical sensitivity and specificity
of detecting M-proteins, mass spectrometry (MS)-based
methods are available to measure M-proteins in serum
and urine (17–20). This technology, known collectively
as monoclonal Ig rapid accurate mass measurement (mi-
RAMM), is based on the fact that each monoclonal Ig has
a conserved amino acid sequence and therefore a con-
served molecular mass that can be measured with high
accuracy and analytical sensitivity using MS.

Here, we report the development of a variant of this
technology, called MASS-FIX, which uses isotype-
specific nanobody (NB) enrichment coupled to MALDI-
TOF MS. This assay is capable of screening, isotyping,
measuring Ig class-specific �:� light chain (LC) ratios and
the quantification of M-proteins. The aims of this feasi-
bility study were to compare MASS-FIX performance
with (a) SPEP/IFE for detecting M-proteins; (b) IFE for
isotyping; (c) SPEP and the Hevylite assay for M-protein
quantification; and (d) SPEP and the Hevylite assay for
disease monitoring.

Methods

NANOBODY ENRICHMENT

Each sample (serum or urine) being analyzed underwent
5 unique NB enrichments. Ig enrichment was performed
using camelid-derived NBs directed against the heavy
chain (HC) constant domains of IgG, IgA, and IgM or
the LC constant domains of � and � Igs (Thermo Fisher
Scientific). Briefly, 10 �L of beads were incubated with
20 �L of serum diluted into 180 �L of PBS for 45 min at
ambient temperature. Alternatively, 10 �L of beads were
mixed with 1 mL of urine and 1 mL of 2� PBS and
incubated at room temperature for 30 min. Subse-
quently, the supernatant was removed and the beads were
washed 3 times with 200 �L of PBS and then twice with
200 �L of water. Samples were eluted with 40 �L of 5%
acetic acid containing 50 mmol/L Tris [2-carboxyethyl]
phosphine (TCEP), which was sufficient to disassociate
Igs into separated LC and HC components.

MALDI-TOF MS

Samples were spotted onto a 96-well microScout pol-
ished steel Bruker target plate (Bruker Daltonics) using

the sandwich matrix application method (21 ). Each spot
was first prespotted with 0.6 �L of the matrix �-cyano-
4-hydroxycinnamic acid (ACHCA) (10 g/L) in 0.1% tri-
fluoroacetic acid in a 50:50 acetonitrile (ACN):water so-
lution and allowed to dry. Then, 0.6 �L of NB eluent
(5% acetic acid containing 50 mmol/L TCEP) was ap-
plied over the dried matrix. After the sample dried, an
additional 0.6 �L of ACHCA matrix was layered on top
of each spot and allowed to dry for at least 5 min under
ambient conditions. Mass analysis was performed in pos-
itive ion mode with summation of 500 laser shots using a
MALDI-TOF mass spectrometer (Bruker Microflex
LT). Both LC and HC Ig components were ionized into
multiply charged ions, and the m/z distributions of the
LC and HC ions were measured. Mass spectra were gen-
erated from each NB enrichment (IgG, IgA, IgM, �, and
�) and overlaid for analysis. Mass spectra were generated
corresponding to an m/z range of 9000–32000. Data
acquisition for each mass spectrum took �10 s.

MASS SPECTRA INTERPRETATIONS

Peak modeling software was developed to automatically
measure the m/z range, center, and peak full-width at
half-maximum height (FWHM) of each healthy donor
polyclonal LC and HC ion distribution. The software
also calculated the area under the curve (AUC) of each
LC ion distribution associated with IgG, IgA, or IgM
HCs, enabling the heavy and light chain (HLC) pair ratio
to be calculated. The use of this software was limited to
characterizing normal donors and was not used for detec-
tion, isotyping, or quantification of M-proteins.

Detection and isotyping of M-proteins [or
monoclonal-spikes (M-spikes)] was performed by visual in-
spection of the overlaid mass spectra generated for each sam-
ple. M-proteins were detected by the presence of abnormal
nongaussian peak(s) present in 1 or more of the NB enrich-
ment mass spectra, which were distinct from the normal,
healthy polyclonal background. If an abnormal peak was
present, the reviewer considered both the m/z of the abnor-
mality as well as which NB enrichment mass spectra the
abnormality was restricted to. This information was used to
determine if the abnormality corresponded to an M-protein
and to determine the isotype of the M-protein. A more
detailed description of how isotype assignments were made
is available in the Supplemental Methods file that ac-
companies the online version of article at http://www.
clinchem.org/content/vol62/issue10.

When an M-protein was detected the HC NB en-
richment mass spectra containing the abnormality was
used for quantification of the M-protein. Raw mass spec-
tra were loaded into an open-source MS analysis tool
(mMass.org). Abnormal peaks corresponding to the
monoclonal LC [M�2H]2� ions of the M-protein were
selected for quantification. An operator empirically se-
lected the locations for gates flanking the monoclonal LC
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ions. Gates were also placed at m/z 11100 and 12500 for
each sample, which corresponded to all of the LC
[M�2H]2� ions (monoclonal and polyclonal) present in
the HC-specific NB enrichment. mMass software was
then used to calculate the total signal within each of these
gates. The fraction of total LC ion [M�2H]2� signal
arising from only the monoclonal LC [M�2H]2� ions
was then calculated. This fraction was then multiplied by
the corresponding HC isotype (total IgG, IgA, or IgM)
concentration as measured by nephelometry to generate
the M-protein concentration. More detailed descriptions
of the MASS-FIX methodology, including peak model-
ing, interpretation of overlaid isotype specific mass spec-
tra, isotype peak assignment, and quantitative results are
provided in the online Supplemental Methods file that
accompanies this article.

SPEP AND IFE ANALYSIS

SPEP and UPEP were performed on the SPIFE 3000
electrophoresis analyzer (Helena Laboratories). Serum
IFE was performed with Hydrasys 9IF gels (Sebia). Urine
IFE was performed with SPIFE IFE-15 gels (Helena Lab-
oratories). Urine samples were concentrated between 10
and 200 times using Vivaspin Concentrators (Vivaprod-
ucts) based on the total protein concentration. Total se-
rum protein concentration was measured by a colorimet-
ric assay with biuret reagents on a Siemens Advia 1200
chemistry analyzer. M-spikes on SPEP and UPEP were
gated manually and quantification was performed using
the Helena QuickScan Touch system to perform the per-
pendicular drop method. Laboratory-specific procedures
for interpretation and quantification are provided in the
online Supplemental Methods.

PATIENT COHORTS

Distinct patient samples were divided into 3 cohorts
based on their role in assessing assay performance. All
patient samples and data were accessed in compliance
with the Mayo Clinic Institutional Review Board.

HEALTHY DONORS: COHORT 1

Healthy adult donor control serum samples (n � 113)
were obtained from the Mayo Clinic donor bank.
These samples were used to define the LC and HC m/z
distributions in healthy adults and to generate refer-
ence mass spectra to compare to those generated from
patients with known M-proteins of varying concentra-
tion and isotype.

METHOD EVALUATION: COHORT 2

This cohort was selected from serum and urine samples
submitted to the Protein Immunology Laboratory at the
Mayo Clinic in Rochester, MN, for routine clinical test-
ing that included SPEP/UPEP and IFE. These samples
were used to compare the performance of MASS-FIX

compared to clinical gel-based assays. In total, this in-
cluded 407 unique patient serum samples and 88 unique
patient urine samples, which were divided into distinct
subcohorts used for analyses of the assay characteristics
below.

ANALYTICAL SENSITIVITY

M-protein positive patient serum samples (27 mol/L) (14
IgG, 5 IgA, 4 IgM, and 4 LC-only) were serially diluted
(neat, 1:10, 1:100, and 1:200) into pooled normal hu-
man serum (NHS) (Cohort 2a). Each sample was tested
by IFE and MASS-FIX. Two blinded reviewers who each
had multiple years of experience reading IFE gels inde-
pendently interpreted the raw results (IFE gels and PDFs
of mass spectra). The reviewers were presented unlabeled
IFE results one by one in a randomized order. On a
different day, unlabeled PDFs of overlaid mass spectra
were presented to reviewers one by one in a randomized
order. No clinical information or prior testing results
were provided to reviewers.

DIAGNOSTIC SENSITIVITY

Serum samples from 182 unique patients and urine sam-
ples from 88 unique patients with available physician-
ordered SPEP/UPEP and IFE results as part of routine
clinical practice were measured by MASS-FIX (Cohort
2b). SPEP/UPEP and IFE results were retrieved from the
electronic medical record (EMR). MASS-FIX results
(PDFs of overlaid mass spectra) were independently re-
viewed by 4 blinded analysts who each had �1 year of
experience reading SPEP and IFE gels. Reviewers were
asked to make a positive or negative call and, if positive,
to identify the isotype. All serum MASS-FIX spectra were
provided to each reviewer at once in a randomized order.
Once all reviewers were finished with their reviews (ap-
proximately 2 days) all reviewer calls were compiled into
a master data file that was then provided to each reviewer.
A call was made when consensus was achieved, defined as
at least 3 of 4 reviewers being in agreement. IFE was
considered the gold standard as a surrogate diagnosis.
Urine samples were analyzed in the same way after serum
studies were completed. Of note, urine specimens were
not concentrated before MASS-FIX analysis. In contrast
to results pulled from the EMR, neither prior laboratory
results nor clinical histories were provided to reviewers
during analysis of MASS-FIX results.

M-PROTEIN QUANTIFICATION: LINEARITY

Fourteen patient serum samples with known M-proteins
(9 IgG, 3 IgA, and 2 IgM; range 0.5–8 g/dL), each with
varying amounts of polyclonal background, were diluted
into NHS (neat, 1:2, 1:10, 1:20, 1:100, and 1:200) and
quantified by both SPEP and MASS-FIX (6 samples per
patient; 84 total samples) (Cohort 2c). SPEP quantifica-
tion was performed in accordance with routine clinical
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practice. Laboratory staff was blinded to the purpose of
this study. For MASS-FIX, a single operator who was
blinded to SPEP results performed gating and quantifi-
cation with Mass software using the perpendicular drop
method of gating and quantification. Each sample was
gated independently.

M-PROTEIN QUANTIFICATION: METHOD COMPARISON

175 patient serum samples with previously quantified
M-proteins (range 0.2–6.2 g/dL) of known isotype (62
IgG, 36 IgA, and 77 IgM) were pulled from the Mayo
Clinic Dysproteinemia Biobank (Cohort 2d). Each sam-
ple was quantified by MASS-FIX. A single blinded oper-
ator performed gating and quantification. Nephelometry
results used for M-protein concentration calculations
were pulled from the EMR. Passing-Bablok analysis was
used to compare MASS-FIX to SPEP.

M-PROTEIN QUANTIFICATION: IMPRECISION

To assess interassay imprecision, a set of 5 patient serum
samples with quantitated M-proteins (2 IgG, 2 IgA, and
1 IgM) were diluted with NHS to 25 different concen-
trations (range 0.009–3.3 g/dL) as measured by MASS-
FIX (Cohort 2e). The samples were quantified in dupli-
cate over 10 days (a total of 20 measurements per
sample). To assess intraassay imprecision, a set of 4 pa-
tients (2 IgG, 1 IgA, and 1 IgM) were each diluted with
NHS to 2 different concentrations (0.04–2.3 g/dL).
Twenty replicates of each sample were included per run.
For these studies, each mass spectrum was gated indepen-
dently by operators who were not blinded to the dilutions
being analyzed.

DISEASE MONITORING IN MYELOMA PATIENTS: COHORT 3

For evaluation of diagnostic sensitivity and disease
monitoring, 112 unique serum samples were identi-
fied in the Mayo Dysproteinemia Biobank for 40
unique IgG and IgA myeloma patients that had avail-
able SPEP, IFE, and Hevylite results. Clinical history
and laboratory results were used to confirm the diag-
nosis of myeloma. MASS-FIX detection and isotyping
was performed on all samples. A subset of 15 of these
patients with diagnostic plus 4 posttreatment samples
available were quantified by MASS-FIX. For these
studies, MASS-FIX mass spectra were visually in-
spected, gated, and quantified by a single reviewer who
was blinded to prior laboratory results.

Results

MASS-FIX couples multiple-bead immunoenrichment
and MALDI-TOF MS to detect, isotype, and quantify
M-proteins (see online Supplemental Fig. 1). Character-
istic overlaid mass spectra of each NB enrichment from a
healthy donor serum are shown in Fig. 1A. The inset
shows the overlapping gaussian m/z distributions of ions
corresponding to the � and � polyclonal LCs. The � LC
ions also contained a less-abundant polyclonal popula-
tion of similarly charged � LC ions of heavier mass (22 ),
consistent with earlier work using electrospray ioniza-
tion–quadrupole TOF (ESI-QTOF) (23 ). Polyclonal
LC ions (� or �) were identified in the mass spectra
generated from LC-specific NBs (total LCs) and from
HC-specific NB enrichments (LCs associated with
HCs). Polyclonal IgG and IgA HC ions are identifiable

Fig. 1. (A), Mass spectra from a healthy donor.
Polyclonal HC and LC ions are labelled with isotype and charge. Each NB-enriched mass spectrum is a different color. NB ions are labelled “NB.”
The insets are focused on the m/z regions containing LC ions. (B), Mass spectra from a patient with an IgG� M-protein. The y axis scale is relative
intensity.
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in the mass spectra generated with HC-specific NBs (to-
tal HCs) and LC-specific NB enrichments (HCs associ-
ated with LCs). IgM HC ions were not consistently de-
tected by this method (see Discussion).

MASS-FIX ANALYSIS OF HEALTHY DONORS: COHORT 1

To characterize reference polyclonal HC and LC m/z
distributions, a cohort of 113 healthy donors were ana-
lyzed by MASS-FIX. Peak modeling software was used to
define the range, center, and FWHM of each polyclonal
m/z LC distribution for each NB enrichment (see online
Supplemental Tables 1 and 2). A representative result of
peak fitting is shown for a normal donor (see online Sup-
plemental Fig. 2). Normal reference LC m/z signals were
fitted with gaussian distributions with minimal error.
The software was also used to calculate the AUC of each
LC m/z population (� and �) from mass spectra gener-
ated using HC-specific NB enrichment. This data was
then used to calculate � to � LC ratios for each HC. The
95th percentile reference intervals for each ratio (IgG�:
IgG�, IgA�:IgA�, and IgM�:IgM�) were calculated us-
ing the robust method (24 ) and compared to those
reported for the Hevylite assay (6 ) (see online Supple-
mental Fig. 3). To visually demonstrate the interindi-
vidual variability of the polyclonal LC and HC m/z dis-
tributions in the healthy adult population, mass spectra
from 40 healthy donors were overlaid (see online Supple-
mental Fig. 4, A–E). For all subsequent cohort analysis
and characterization of MASS-FIX, electronic PDFs of
the raw overlaid mass spectra were interpreted visually by
reviewers without the use of peak modeling software. The
peak statistics from the normal cohort served as reference
for reviewer interpretation.

MASS-FIX PERFORMANCE EVALUATION: COHORT 2

Samples with M-proteins had qualitative features that
can be visually distinguished from the mass spectra from
the healthy adult population (Fig. 1B). These include
nongaussian m/z distributions of LC and HC ions that
were leptokurtic, with narrower widths and shifted
apexes as compared to normal donors. These changes
were restricted to the mass spectra corresponding to the
isotype of the M-protein. In Fig. 1B, the mass spectra
from the IgG HC and � LC NB enrichments have m/z
distributions that are nongaussian and appear as spikes
illustrative of an IgG� M-protein and reminiscent of
M-spikes, as found by SPEP. Currently, M-proteins are
more readily detected by their monoclonal LC as com-
pared to their HC due to lack of glycosylation of LCs and
their ability to ionize more readily (18 ). Representative
examples of mass spectra corresponding to various com-
monly encountered M-protein isotypes are provided in
online Supplemental Fig. 5, A–L.

ANALYTICAL SENSITIVITY

The analytical sensitivity of M-protein detection for
MASS-FIX, IFE, and SPEP depend on the polyclonal
background intensity and relative position of M-protein
in the polyclonal distribution. Therefore, a variety of dis-
tinct M-protein–positive patient samples were used to
assess analytical sensitivity. Because IFE is considered the
most analytically sensitive gel-based method for detect-
ing M-proteins, MASS-FIX was compared to IFE. Serum
samples (n � 27) with M-proteins detectable by IFE
(Cohort 2a) were serially diluted into NHS. These sam-
ples were then analyzed by both IFE and MASS-FIX.
MASS-FIX outperformed IFE by identifying an
M-protein in a higher percentage of samples at every
dilution (Fig. 2A). An example is shown in Fig. 2B, in
which an IgM� M-protein was detected by reviewers in
the 1:200 dilution by MASS-FIX but not IFE.

DIAGNOSTIC SENSITIVITY (DETECTION AND ISOTYPING)

The ability of MASS-FIX to detect M-proteins was eval-
uated on a large cohort of patient samples with physician-
ordered SPEP and IFE, which included a wide variety of
M-proteins encountered in our clinical practice (Cohort
2b; see online Supplemental Table 3). MASS-FIX de-
tected M-proteins in 100% of samples that were positive
by both SPEP and IFE (n � 84) and in 97% of samples
positive by IFE but negative by SPEP (68 of 70; Fig. 3A)
with 100% consensus among blinded reviewers. In sam-
ples that were negative by both SPEP and IFE (n � 28),
MASS-FIX identified 1 positive case. Similarly, MASS-
FIX detected 100% of urine samples that were positive by
both UPEP and IFE (29 of 29) and 90% of urine samples
that were negative by UPEP but positive by IFE (26 of
29, Fig. 4A) with blinded reviewers unable to reach con-
sensus for 1 sample. In urine samples that were negative
by both UPEP and IFE (n � 30), MASS-FIX identified
2 additional positive cases, and for 2 cases, blinded re-
viewers did not reach consensus (2 of 4 reviewers detected
an M-protein).

In this same cohort, the MASS-FIX isotype as as-
signed by 4 blinded reviewers was compared to IFE calls
reported in the EMR. For the 152 MASS-FIX and IFE
positive samples, reviewer consensus was reached for 151
of 152 samples. Isotype concordance with IFE for these
samples was 91% (138 of 151; Fig. 3B). In 11 of the 13
discordant cases, MASS-FIX and IFE agreed on the ma-
jor M-protein isotype, but there was disagreement on
the presence/isotype of additional less-abundant clones.
Only 2 cases were absolute isotyping discrepancies—
thus, overall consensus agreement of the primary isotype
call was 98% (149 of 152). A similar analysis using 55
urine samples was performed. The LC isotype identified
by each assay agreed in 95% of cases (52 of 55; Fig. 3C).
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M-PROTEIN QUANTIFICATION: LINEARITY

M-proteins were quantified by MASS-FIX as shown in
Fig. 4A and described further in the online Supplemental
Methods. To evaluate the dilutional linearity, 14 patients
(Cohort 2c) were serially diluted into NHS (6 dilutions
per patient; 84 total samples) and quantified by both
SPEP and MASS-FIX. Nonlinearity analysis using the
Hsieh-Lui method (25 ) confirmed the absence of statis-
tically significant nonlinear response for MASS-FIX
quantification across the range of measured concentra-
tions (lack of fit; F � 0.15, P value � 1.000). Evaluating
only dilutions with SPEP-quantifiable M-proteins (53
of 84), as determined by blinded laboratory staff follow-
ing standard laboratory practice, the measured
M-protein concentration for both SPEP and MASS-FIX
were in excellent agreement with expected concentra-
tions (R2 � 0.99; Fig. 4B). However, difference plots
indicated that SPEP overestimated the M-protein con-
centration when they were �1 g/dL (see Fig. 4B and
online Supplemental Fig. 6). Unlike SPEP, MASS-FIX
could quantify M-proteins in all serial dilutions, which
included those that were expected to be �0.01 g/dL.
Importantly, MASS-FIX quantification was linear down
to at least 0.02 g/dL in all samples (see online Supple-
mental Fig. 7).

QUANTIFICATION: METHOD COMPARISON

To compare quantitative results generated by MASS-FIX
to SPEP, a cohort of patient serum samples (Cohort 2d)
with SPEP M-protein concentrations documented in the
Mayo Clinic Dysproteinemia biobank were quantified
by MASS-FIX. Quantification by SPEP and MASS-FIX
agreed well for IgG and IgA M-proteins (IgG slope �
1.27 and r2 � 0.94; IgA slope � 0.91 and r2 � 0.84),
but for IgG M-proteins at concentrations �3 g/dL,
MASS-FIX resulted in higher M-protein concentrations
in comparison with SPEP (see Fig. 5 and online Supple-
mental Table 4). For IgM M-proteins, there was both
random error and systematic bias [slope � 1.50 95% CI,
1.35–1.62), intercept � �1.15 (95% CI, �1.45 to
�0.81) and r2 � 0.84].

QUANTIFICATION: METHOD IMPRECISION

Interassay imprecision was assessed using 5 patient sam-
ples with known M-protein concentrations (Cohort 2e),
each diluted to 5 different concentrations with NHS.
MASS-FIX quantification was performed over 10 days,
with duplicate measurements on each sample (20 mea-
surements per sample). CVs were calculated for the
M-protein concentration (CVTotal) as well as for nephe-
lometry (CVNephelometry) and the percentage of the

Fig. 2. (A), A cohort of 27 serially diluted patient samples were measured by both IFE and MASS-FIX.
The percent of samples with residual disease are plotted for each dilution for both methods. (B), A representative experiment from 1 patient
sample (IgM�) used in (A). The IgM NB mass spectra (focused on the m/z region containing the LC ions) at different dilutions are shown with
the corresponding IFE gel. The dashed line green indicates a healthy adult mass spectrum as a reference. The y axis is relative intensity.
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monoclonal LC signal measured by MASS-FIX
(CVMALDI) (see online Supplemental Table 5). The CV-
Total was �20% in all samples with M-protein concen-
trations �0.05 g/dL. Of 14 samples evaluated with
M-protein concentrations �0.1 g/dL, 12 of 14 had a
CVTotal �20%. Within-run precision was performed us-
ing 8 different samples of varying concentration and iso-
type. Twenty replicates were included per run, and the
CVTotal was �20% for all samples tested (see online Sup-
plemental Table 6).

DISEASE MONITORING IN MYELOMA PATIENTS: COHORT 3

For evaluation of diagnostic sensitivity and disease
monitoring, 112 frozen sera were identified in the
Mayo Dysproteinemia Biobank for 40 unique IgG and
IgA myeloma patients that had SPEP, IFE, and Hevy-
lite results available for every sample. In this cohort,
70% of samples were positive by SPEP, 75% were
positive by the Hevylite assay, and 90% were positive
by IFE (defined as the gold standard). 96% of these
samples were called positive by MASS-FIX with iso-
types that matched the original diagnosis implying
that MASS-FIX has adequate sensitivity to detect re-
sidual disease. A subset of 15 of these patients had
diagnostic plus 4 posttreatment samples available,
which subsequently were quantified by MASS-FIX.

The relative percent change in M-protein concentra-
tion from the diagnostic sample was plotted over serial
collections (Fig. 6) for each method. Pearson correla-
tion coefficients of the time-series data indicated that
the MASS-FIX results were in agreement with SPEP
and/or the Hevylite assay (see online Supplemental
Table 7). When discrepancies existed (see Fig. 6; pa-
tient nos. 1, 7–10), MASS-FIX was not the outlying
assay. In 2 instances, both MASS-FIX and the Hevy-
lite assay indicated a relapse of disease that was not yet
detectable by SPEP (Fig. 6; patient nos. 7 and 8). In
the first instance, patient no. 7 was noted to have
progressive disease between visits 4 and 5 while receiv-
ing melphalan and prednisone. SPEP detected the
M-protein 1 month after visit 5. In the second in-
stance, patient no. 8 had a �-migrating IgA M-protein
and received single-agent dexamethasone at visit 4 due
to increasing disease burden detected by an increase in
the total IgA concentration (175–575 mg/dL). By visit
5 (approximately 7 months later), the M-protein was
detectable by SPEP and, due to progressive disease
therapy, was switched to melphalan, prednisone, and
thalidomide. Therefore, in these 2 cases, MASS-FIX
demonstrated a quantitative increase in disease burden
that proved to be clinically relevant earlier than SPEP.

Fig. 3. Blinded concordance studies between SPEP/UPEP/IFE and MASS-FIX.
(A) Concordance for M-protein detection between SPEP and MASS-FIX in serum and urine samples. Concordance for isotype calls between IFE
and MASS-FIX in (B), serum samples and (C), urine samples that were positive for M-proteins by both methods. Rectangles colored green
indicates complete agreement between methods, pink indicates agreement of the primary isotype and yellow indicates discordance.
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Discussion

Electrophoretic separation of serum and urine proteins
remains the standard approach for screening, diagnosis,
and monitoring of PCDs. However, limitations in reso-
lution and analytical sensitivity require the use of supple-
mental testing. This can lead to increased cost, increased
testing complexity, and poorer test utilization. This study
demonstrated that MASS-FIX has the potential to be
more informative than current methodologies providing
M-protein detection, isotype, HLC ratios, and quantita-
tive information with equivocal or improved analytical
characteristics.

As a screening assay, MASS-FIX identified an
M-protein in every case that was positive by SPEP or
UPEP. In samples in which M-proteins were only detect-
able by IFE, MASS-FIX identified 97% of serum
M-proteins and 90% of urine M-proteins. MASS-FIX
did not detect an M-protein in 2 serum samples out of
154 (1%) that were positive by IFE. In 1 case (IgM�),
there was a detectable peak in the LC m/z region in the
IgM mass spectrum, but it was absent from the corre-
sponding �-NB mass spectrum. The second discrepant
case was a small monoclonal �. In 1 case, an M-protein
was detected by MASS-FIX but not by IFE; however,
additional samples were not available for follow-up stud-

Fig. 4. (A), A representative mass spectrum (IgG M-protein) used for manually gating using the perpendicular drop method.
Purple arrows indicate the placement of gates used to calculate the monoclonal LC signal which is filled in with black. Green arrows indicated
the placement of gates for the total IgG LC signal measurement. The green shaded region corresponds to the total LC signal. Calculations used
to arrive at the M-protein concentration are shown. (B), M-proteins in serially diluted patient samples were quantitated by SPEP and MASS-FIX.
In the top panel, results were plotted against the expected concentration for each assay. Linear regression analysis was performed using
Analyse-it® software. The red line indicates the linear fit. In the bottom panel, difference plots are shown for both methods as compared to the
expected concentrations in the. The dashed green line indicates the current recommended minimum cutoff for quantitation (8 ). The blue line
indicates the mean and the shaded region indicates the 95% limit of agreement.
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ies to determine which method better reflected the clin-
ical picture.

Protein electrophoresis coupled with measure-
ment of total protein has traditionally been used to
measure M-protein concentrations. However, these
approaches can be inaccurate due to dye-saturation,
failure to exclude the polyclonal background from the
measurement and the presence of comigrating non-Ig
proteins (26, 27 ). The most commonly applied
method to calculate the M-protein concentration is to
measure the contribution of the M-protein to the total
protein concentration using the perpendicular drop
method (28 ). This approach can be imprecise and
inaccurate when the M-protein is �1 g/dL due to the
poor resolving power of electrophoresis and the in-
creasing proportion of the measurement being derived
from the polyclonal background (30 ). In contrast to
electrophoretic methods, MASS-FIX quantification
first fractionates the Igs by NB enrichment and subse-
quently isolates the monoclonal portion using the
higher resolution of MS, eliminating more of the poly-
clonal background from the measurement, thus im-
proving the accuracy of the perpendicular drop
method at lower M-protein concentrations. An alter-
native to the perpendicular drop method is the tangent
skimming method, which reduces the amount of the
polyclonal background in the measurement, thereby

improving the accuracy of quantification of
M-proteins �1 g/dL (28, 29 ). Incorporating the prin-
ciples of the tangent skimming method into MASS-
FIX could further improve the analytical performance
of this technology.

A limitation of current electrophoretic-based
quantitative assays is that they cannot reliably quantify
M-proteins migrating outside of the �-region. Impor-
tantly, MASS-FIX is not impacted by the migration
pattern of the M-protein and thus does not require
additional reflex testing for �-migrating IgA
M-proteins (6 ). IgA M-proteins are found in approx-
imately 11% of monoclonal gammopathies of unde-
termined significance (MGUS) and approximately
20% of cases of myeloma of which �40% migrate
within the �-region suggesting that approximately
5%–10% of all M-proteins may require reflex testing
(30, 31 ).

Evaluation of the analytical sensitivity of MASS-FIX
indicates that MASS-FIX may have a greater analytical
sensitivity than SPEP, IFE, and the Hevylite assay.
MASS-FIX has the ability to quantitatively track concen-
trations of M-proteins at lower concentrations than
SPEP and may aid in studies aimed at better understand-
ing the implications of obtaining deeper treatment re-
sponses with novel therapies (32 ). Furthermore, MASS-

Fig. 5. M-protein concentrations were measured by SPEP and MASS-FIX in patient serum samples with IgG, IgA, or IgM M-proteins.
In the top panel, Passing–Bablok linear regression analysis was performed using Cp-R (36 ); the solid black line is the line of regression. The
shaded region is the 95% confidence interval of the line of regression. The dashed line is the line of identity. In the bottom panel, Bland–
Altman difference plots are shown. The dark solid line indicates the population mean. The blue shaded region indicates the 95% CI [mean (2
SD)] of the percent difference.
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FIX quantification provided equivalent results to the
other methodologies for monitoring disease.

The MASS-FIX method described here has some
limitations. MASS-FIX quantification uses nephelomet-
ric measurements, which overestimate IgM M-proteins
due to their pentameric structure (33 ). Consistent with
this phenomenon, in method comparison studies, a slope
of 1.5 between SPEP and MASS-FIX IgM quantification
was noted, consistent with previous studies comparing
SPEP and nephelometric IgM quantification of
M-proteins (7 ). In addition, nephelometry can be prone
to hook effects caused by antigen excess, although it is
likely a false negative result due to antigen excess,
which would be spotted by MASS-FIX due to discor-
dance between the mass spectra and the nephelometric
measurement (34, 35 ). Quantification in this study
was limited to intact M-proteins. However, it is con-
ceivable that total serum � and � nephelometry quan-
tification could be used in a similar manner as IgG,
IgA, and IgM to quantify LC-only M-proteins, al-
though this study did not evaluate this. Quantification
of M-proteins using this methodology assumes that
each LC will have equivalent ionization efficiency rel-
ative to the polyclonal background, which could con-
tribute error to the measurement.

In the MASS-FIX imprecision studies, it was noted
that for M-proteins �0.045 g/dL the CVs are �20% for
some M-proteins, particularly IgG M-proteins. This
likely relates to a combination of the limitations of the
perpendicular drop method, operator variability, and the
presence of residual polyclonal background, which is
more abundant for IgG relative to IgA and IgM. Also,
whereas IgD M-proteins can be detected by the presence
of the IgD HC m/z signature; the ability of MASS-FIX to
detect IgE HCs has not been fully evaluated. This limi-
tation can be overcome by either triaging all new cases of
LC-only disease to IFE for IgE analysis or using an IgE-
specific NB. Lastly, IgM HCs are heterogeneously glyco-
sylated and therefore are poorly resolved by this method.
Therefore, while IgM M-proteins are readily identifiable
by their monoclonal LC m/z signal after enrichment with
IgM HC-specific NBs, detecting the monoclonal IgM
HC m/z signal requires further optimization. Lastly, to
date, a comparison of the analytical sensitivity of FLC
and MASS-FIX assays has not been performed.
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