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Abstract: The measurement of monoclonal protein
(M-protein) is vital for stratifying risk and following indi-
viduals with a variety of monoclonal gammopathies.
Direct measurement of the M-protein spike by electro-
phoresis and immunochemical measurements of specific
isotypes or free light chains pairs has provided useful
information about the quantity of M-protein. Nonetheless,
both traditional electrophoresis and immunochemical
methods give poor quantification with M-proteins smaller
than 10 g/L (1 g/dL) when in the presence of polyclonal
immunoglobulins that co-migrate with the M-protein. In
addition, measurements by electrophoresis of M-proteins
migrating in the B- and o-regions are contaminated by
normal serum proteins in those regions. The most precise
electrophoretic method to date for quantification involves
exclusion of the polyclonal immunoglobulins by using
the tangent skimming method on electropherograms,
which provides a 10-fold improvement in precision. So
far, however, tangent measurements are limited to y
migrating M-proteins. Another way to improve M-protein
measurements is the use of capillary electrophoresis (CE).
With CE, one can employ immunosubtraction to select a
region of interest in the § region thereby excluding much
of the normal proteins from the M-protein measurement.
Recent development of an immunochemical method dis-
tinguishing heavy/light chain pairs (separately measur-
ing IgGK and IgGL, IgAK and IgAL, and IgMK and IgML)
provides measurements that could exclude polyclonal
contaminants of the same heavy chain with the unin-
volved light chain type. Yet, even heavy/light results
contain an immeasurable quantity of polyclonal heavy/
light chains of the involved isotype. Finally, use of liquid
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chromatography-tandem mass spectrometry (LC-MS/MS)
looms on the horizon as a means to provide more consist-
ent and sensitive measurements of M-proteins.
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Introduction

“Measure something”. Arnold Rice Rich, MD (Baxley Pro-
fessor of Pathology, The Johns Hopkins Hospital 1947-1958,
personal communication, Dr. ]J. H. Yardley). Sometimes
it is easier to say than do. In this review, we chart the
efforts to quantify monoclonal immunoglobulins for the
past three-quarters of a century. While for many years we
seemed to be approaching the matter asymptotically, the
last decade has seen extraordinary advances placing us
on the brink of establishing a precision in methodology
that goes hand in hand with new therapies to improve
the outcome of patients with the most malignant forms of
monoclonal gammopathies.

The term, “monoclonal gammopathy” gathers a
complex array of ailments that have in common clonal pro-
liferations of plasma cells that can usually be detected by
finding their products in serum or urine. The products are
monoclonal immunoglobulin proteins (M-proteins) that
may consist of intact immunoglobulin molecules and/or
fragments such as free light chains (FLC). The detection,
characterization, and measurement of M-proteins help
in initial diagnosis of the disorders, stratification of risk
progression, and monitoring response to therapy [1].

These disorders vary from asymptomatic monoclo-
nal gammopathy of undetermined significance (MGUS)
(a premalignant condition) to multiple myeloma (MM),
an unrelenting malignancy with extensive bone marrow
and systemic organ involvement. Virtually all cases of MM
begin as an MGUS with an M-protein that may be present
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in serum as early as a decade prior to diagnosis of MM
[2]. MM comprises about 10% of hematologic malignan-
cies while MGUS is vastly more prevalent; progressively
increasing with age such that by age 50 it is found in 1:100
individuals and by age 70 in 1:20 [3]. Right now, MGUS is
found by luck. The M-proteins in MGUS cases are detected
by serum, or less commonly urine, protein electrophoresis
screening performed on samples from patients who have
findings suggestive of MM, such as anemia or elevated
calcium, that are caused by other processes such as iron
deficiency or hyperparathyroidism, not MGUS. While
MM usually occurs in older individuals, it is useful to
remember that about 2% of the MM cases are reported in
individuals younger than 40 years of age. Therefore, the
premalignant form (MGUS) of these individuals can begin
as early as in their 20s [4].

Characterization of the M-protein by immunofixa-
tion, immunosubtraction (ISUB), or an immunochemi-
cal method (isotype class, free light chain, or heavy/light
chain) is needed for prognosis and to follow patients after
therapy. The isotype affects the likelihood of an MGUS
progressing; individuals with non-IgG M-proteins have a
greater likelihood of developing MM than those with IgG
M-proteins [5, 6]. Further, information about isotype and
electrophoretic migration position is needed when fol-
lowing response to therapy so that one may distinguish
relapse of the original clone from the development of oli-
goclonal bands and/or a second (usually reactive) M-pro-
tein. Such additional M-proteins commonly occur after
autologous stem cell transplants with rates as high as 73%
being reported [7-10]. The development of oligoclonal
bands and/or a second M-protein following autologous
stem cell transplantation in MM has been reported to be
a favorable prognostic sign for most patients [11]. A recent
report of allogeneic stem cell transplants found an overall
median overall survival of 115.3 months in patients who
developed a second M-protein vs. 31.0 months in individu-
als not developing such proteins [12].

Beyond identification of isotype and electrophoretic
position, key aspects of prognosis and follow-up of mono-
clonal gammopathies rely upon obtaining a reproducible,
accurate quantification of M-proteins. For decades, these
measurements have been used as surrogate markers of
tumor burden [13-15].

Unfortunately, details of the electrophoretic method
used to measure M-proteins are often omitted in peer-
reviewed publications, even though such information is
important in judging the precision and sensitivity of the
reported information. Many reports do not describe how
the M-protein spike itself is being demarcated. Further,
the authors typically make no attempt to indicate how
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much co-migrating polyclonal material is included in the
monoclonal peak. This likely reflects the fact that prior
to the past decade, the perpendicular drop (measuring
perpendicularly to the baseline at the points where the
M-spike meets the polyclonal y curve) was assumed to
include such information, but the extent of the polyclonal
immunoglobulins included was not readily demonstrable
(Figure 1A and B). Questions that one may ask in looking at
this literature could include: Was there adjustment made
to try to compensate the measurement for the polyclonal
material? Was other information, such as immunosub-
traction pattern used to estimate the M-protein measure-
ment in the o and B regions [16]? What did the authors do
if there were two peaks present that overlap?

Currently, the most commonly used methods to
measure M-proteins are those that measure the size of the
M-protein spike itself by electrophoresis of serum and/or
urine, or immunochemical measurement of the involved
isotype.

Detection and measurement of
M-proteins in serum by protein
electrophoresis

In the past century, electrophoretic techniques have
evolved from barely distinguishing three globulin frac-
tions on moving boundary electrophoresis to high-
resolution electrophoresis methods that permit one to see
subtle differences in migration that suggest the presence
of monoclonal proteins in o, B and yregions.

With early moving boundary electrophoresis methods
during the late 1930s, the Lamm “scale” method was a
laborious photographic technique that was used for quan-
tification by defining regions of interest [17, 18]. In 1939,
Longsworth et al. used that method to demonstrate the
large restricted band in three patients with MM [19]. They
noted a unique migration of the band for each case. Two of
the three cases gave exceptionally high globulin/albumin
ratios, although the third case was in the normal range.
Similar to present day problems of how to measure M-pro-
teins, they noted that one must make a more or less arbi-
trary separation because boundaries of some normally
occurring proteins overlap the M-proteins.

Early application of zone electrophoresis by filter
paper and later with cellulose acetate techniques meas-
ured the major protein fractions by time-consuming
methods that involved cutting the protein dye-stained
bands apart, then eluting and measuring the dye



DE GRUYTER

A\

et A AN

By
g/dL (6.0-8.3)

. W B

Albumin o, o, Bs Y

Total protein: 9.7

A/G:0.83

Fractions %  g/dL Ref. g/dL
Albumin 454 4.40 3.43-4.84
o 34 033 0.21-0.44
0, 84 0.81 0.54-0.97
Bian 62 060 L 0.65-1.03
Y 36.6 355 H 0.70-1.47
M-Spike 357 3.46

Figure 1: Serum protein CE electropherograms.
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(A) This serum protein CE electropherogram (Sebia Capillarys) demonstrates a y-region migrating M-protein (shaded) measuring 34.6 g/L
(3.46 g/dL) using the standard perpendicular drop. There is suppression of the polyclonal immunoglobulins in this case, so the M-protein
measurement is only minimally contaminated with co-migrating polyclonal immunoglobulins. (B) This serum protein CE electropherogram
(Sebia Capillarys) demonstrates a y-region migrating M-protein (shading) measuring 5.9 g/L (0.59 g/dL) using the standard perpendicular
drop (shaded). However, about two-thirds of the measured quantity of the standard perpendicular drop is due to polyclonal immunoglobu-
lins that co-migrate with the M-protein and falsely increase the M-protein measurement.

concentration with in a standard spectrophotometer [20,
21]. As the use of filter paper as support medium for zone
electrophoresis become more common, Reiner and Stern
noted the heterogeneity of M-protein location and also
the fact that as many as 22% of MM patients lacked sharp
abnormal peaks on SPEP, though more subtle abnormali-
ties such as hypogammaglobulinemia were often present
[22]. Kyle et al. used a densitometer to plot and measure
the area under the curve of normal and abnormal bands
on graph paper by using filter paper electrophoresis
stained with Amido black [23]. They measured the height
and width (at the midpoint of the height) of the M-protein
peaks, and used a 4:1 height:width ratio to distinguish
M-protein peaks in MM patients from broader peaks
having a lower height:width ratio found in conditions
with polyclonal increases in vy globulin. However, this was
not an absolute cut-off. When the ratio was less than this
4:1 in patients with MM, they used other key factors such
as a B zone or B-y zone location of the band to suggest
that it was a product of the MM cells since polyclonal
increases in chronic inflammatory processes are over-
whelming present in the y region. Similar to Reiner and
Stern’s report, Kyle et al. reported that 24% of their cases
of MM did not have diagnostic SPEP patterns. Because

some of these cases had hypogammaglobulinemia, they
likely represented cases of light chain MM as the major-
ity of them had monoclonal free light chain (Bence Jones)
proteinuria.

While the electrophoresis techniques by 1964 were
rapid and visualization of the serum protein patterns and
the M-protein deflection (M-spike) were provided by the
use of densitometric scanning equipment, final calcula-
tions of protein fractions and measurement of M-spikes
were arduous, requiring the operator to perform manual
counts and slide rule calculations to determine the per-
centage of protein in each fraction generated by the den-
sitometric scan [24]. In 1969, Winkelman and Wybenga
described the use of a serum protein electrophoresis
system with a Disc integrator, an automatic digital readout
that when combined with a computer provided a highly
efficient and accurate measurement of protein fractions
[25]. At this time, Lotito et al. introduced an analog system
where the operator would examine the final electrophore-
sis strip and punch a narrow slot between the major bands,
or the M-protein peak [26]. A light beam passing through
the slot signaled a computer unit to begin to quantify data
on that peak which terminated with the next punched slot.
Clearly, this was still heavily dependent on the operator’s
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input both for selecting the point to begin measuring
each peak and in a second phase where the operator was
required to manually adjust a switch to a “sum” position
and alter the gain of the summing amplifier.

Computers decreased both the time required to
perform measurements and also reduced errors involved
in manual counting by the operator [26, 27]. Because of the
high cost of computer equipment in 1970, Sax and Moore
further refined their process by recording the densitomet-
ric readings on a key-punch form that they sent to their
hospital’s data processing department. This off-line use of
a computer further improved turnaround times, reduced
errors from manual miscounting or miscalculation and
improved the accuracy of quantification of hypogamma-
globulinemic patterns [24].

The other major change that occurred in the late 1960s
was deployment of a new high-resolution agarose system
for electrophoresis that dramatically improved the ability
to detect subtle M-proteins and genetic variants [28-30].
These advances were soon followed by the development
of capillary zone electrophoretic (CE) techniques that pro-
vided excellent resolution and which offered the oppor-
tunity to perform immunosubtraction (ISUB) [31-35]. The
sensitivity of CE for detecting M-proteins was reported to
be 95% compared to 91% for agarose gel electrophore-
sis with specificity of 99% for both techniques [36, 37].
While basically comparable in their resolution, gel and CE
systems differ in several respects that have resulted in dis-
crepancies being reported of fractions such as o, as well as
in measurement of large M-protein. A relevant difference
was the saturation effect of protein dye staining on gels in
the presence of large M-proteins [38]. However, this could
be remedied by increasing the dilution of samples with
large M-proteins prior to testing [39]. Following patients
with M-proteins, subtle differences in the systems should
be considered when switching from one technique to
another [40].

Currently available instruments contain sophisticated
computers that automatically demarcate major zones,
permitting manual adjustment in cases with M-proteins
or other unusual bands. Gravimetric measurement,
however, still is based on applying these percentages to
the total protein concentration of the fluid obtained by a
standard technique such as the Biuret method for serum
or the pyrogallol red method for urine [41].

Recognition of the improved detection and resolution
of serum protein bands prompted a College of American
Pathologists (CAP) Guideline Conference to recommend
using techniques for the evaluation of M-proteins that
provide high-resolution electrophoresis (either gel- or
capillary-based) when screening for M-proteins [42, 43].
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For purposes of screening, high-resolution electrophoresis
was defined as a method that provided crisp separation of
the B, (transferrin) and B, (C3) bands [44]. Low-resolution
systems cannot separate those bands making it difficult
to measure -migrating M-protein spikes. While one may
add the use of immunofixation (IFE) to lower resolution
methods to improve their sensitivity, this comes at the
cost of losing quantitative results required for monitoring
patients.

Despite these advances, the actual measurement of
the M-protein spike itself remains a subjective method with
suboptimal measurements on small M-proteins and even
ones up to 20 g/L (2 g/dL) that migrate in the B region. A
standard perpendicular drop demarcation that is subjec-
tively applied by the operator has been used for decades
to measure M-proteins using densitometric scans of gels
and, more recently, using electropherograms of capillary
electrophoresis patterns [44, 45] (Figure 1A and B).

Most M-proteins migrate in the y region so measure-
ment of the M-spike by the perpendicular drop necessar-
ily captures polyclonal immunoglobulins that are present
at the same position. At the time of diagnosis of MM, the
M-protein spike is often accompanied by suppression of
the normal polyclonal immunoglobulins, making the
measurement using the perpendicular drop both suffi-
ciently accurate and reproducible to provide a useful surro-
gate measurement of tumor burden (Figure 1A). However,
in the case of modest-sized and small M-proteins, such
as those found in most patients with MGUS, or when fol-
lowing the response to therapy in MM patients, the pres-
ence of co-migrating polyclonal immunoglobulins by the
perpendicular drop measurement creates a significant
overestimation of the M-protein (Figure 1B) [46].

Given a constant amount of polyclonal immunoglobu-
lins, the smaller the overlying M-protein in the vy region,
the greater the overestimation of the M-protein by the
perpendicular drop technique. Using dilution studies
with gel electrophoresis, Bergon et al. reported that three
M-proteins (IgG, IgA and IgM) gave linear results down to
the range of 10-15 g/L (1.0-1.5 g/dL). The limit of qualita-
tive visual detection was 0.43, 0.89 and 0.33 g/L (43, 89 and
33 mg/dL), respectively, but quantification overestimated
these amounts by 78%, 22% and 130%, respectively. due
to inclusion of co-migrating polyclonal material. Further,
since the authors used a hypogammaglobulinemic poly-
clonal serum pool, their studies likely underestimated the
effect of polyclonal immunoglobulins that would occur in
most MGUS patients early in their course when they have
normal quantities of uninvolved immunoglobulins [45].

Recognition of the inaccuracies of perpendicular
drop measurements below the level of 10 g/L (1.0 g/dL)
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is consistent with the International Myeloma Working
Group (IMWG) guidelines. These guidelines define a
“measurable” M-spike as one having at least one of the
following three measurements: serum M-protein >10 g/L
(1g/dL), urine M-protein >200 mg/24 h, or serum involved
free light chain (FLC) level >100 mg/L (10 mg/dL) (only
if the serum FLC ratio is abnormal) [47, 48]. Nonethe-
less, even with this requirement, “measurable disease”
M-proteins with values between 10-20 g/L (1.0-2.0 g/dL)
may overestimate the M-protein value as much as 50%
due to interference by polyclonal immunoglobulins [46].
Unfortunately, the alternative use of total isotype immu-
noglobulin measurements by nephelometry or turbidim-
etry also is contaminated by polyclonal immunoglobulins.
Katzmann et al. reported the total variation (biological
variation as well as preanalytical and analytical error) of
IgG M-protein spikes in clinically stable patients who were
not undergoing chemotherapy, by comparing sequential
serum protein M-spikes by gel electrophoresis and immu-
nochemical methods (Table 1) [41]. Assuming this total
variation, they calculated the percent changes in various
biomarkers that would be required to represent a clini-
cally significant change in M-spike (and not merely rep-
resent error or biological variation). To obtain a difference
with 95% chance of representing a clinically significant
change in a measurable >10 g/L (>1.0 g/dL) M-protein,
the subsequent measurement would need to increase or
decrease by 20.1% from the previous sample. However,
when looking at all M-spikes [including those <10 g/L
(<1.0 g/dL)], a 27.5% difference would be required. As
shown by Katzmann et al., the M-spike CVs for unmeas-
urable M-proteins [<10 g/L (<1.0 g/dL)] are greater than
those for measurable M-proteins. This may in part reflect
the additional biological variation of the underlying poly-
clonal proteins that are included in the SPEP measurement
and constitute a greater proportion of that measurement
in patients with smaller M-proteins.

There are no strict guidelines as to when an M-spike
is too small relative to the underlying polyclonal immu-
noglobulins to permit accurate measurement by the

Table 1: Percentage decrease in M-proteins measurements to
achieve 95% confidence.

Test n Biologicaland % Difference to

analytical CV achieve p=0.95

Serum M-spike 158 11.6 27.5
Measureable serum M-spike* 90 8.1 20.1
Involved Immunoglobulin (IgG) 148 13.0 30.3

aMeasurable values defined as >10g/L (1 g/dL). Data from Table 3 of
Katzmann et al. [41].
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perpendicular drop method. A rough frame of reference is
to measure M-proteins when a visual estimate shows that
they account for at least 1/4 to 1/3 of the underlying poly-
clonal base [49]. M-proteins smaller than this have been
termed IFE-M-proteins by Murray et al. who demonstrated
that individuals with such processes develop malignant
plasma cell and B cell lymphoproliferative disorders at
a rate just slightly lower than the 1% annually for meas-
ureable MGUS [50]. And similar to classic MGUS cases,
non-IgG isotypes are more likely to progress that those of
the IgG isotype.

Recognizing the problem of including polyclonal
immunoglobulins by the perpendicular drop measure-
ment (Figure 2A), our laboratory has used a corrected
perpendicular drop (c-perpendicular) that narrows the
area measured using a visual estimation to account
for polyclonal immunoglobulins (Figure 2B). However,
either using a 1/3-1/4 cutoff, or estimating the polyclonal
immunoglobulins included, are subjective and would
be expected to yield wide variation in interpretation in
common usage.

A more objective approach to measure M-proteins
that migrate in the y region was reported by Schild et al.
[46]. They separated the M-spike from the underlying
polyclonal immunoglobulins by using a tangent correc-
tion feature on the Sebia Capillarys CE instrument. This
feature creates a tangent skimming line connecting the
points where the M-spike meets the underlying poly-
clonal immunoglobulin (Figure 2C). As shown in these
three examples, the c-perpendicular drop improves the
measurement, but is not as accurate and was not as repro-
ducible as the tangent skimming method. However, as dis-
cussed below, because the tangent skimming method does
not work well in the B-y or B regions, a c-perpendicular
drop adjusted by immunosubtraction findings is still
favored in our laboratory for that situation. By measuring
the area of the spike above the tangent line and exclud-
ing the area below accounting for the polyclonal antibod-
ies, Schild et al. demonstrated that dilutions of known
M-proteins were linear down to 1.5 g/L (0.15 g/dL) while
the perpendicular drop method on the same dilutions was
linear only to 15 g/L (1.5 g/dL) (Figure 3). However, in his
laboratory, Schild does not report data lower than 3.0 g/L
(0.3 g/dL) because he found a coefficient of variation above
15% in comparing the four individuals who performed the
measurement (personal communication Dr. C. Schild).
Adherence to the tangent method markedly improved bias
of the measurements for y-migrating M-proteins. When
Schild et al. performed linear regression analysis on 71 sera
from patients with MM, they found that the perpendicular
drop was higher than tangent measurements at all levels
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Figure 2: Serum protein CE electropherograms (Sebia Capillarys) showing three methods of measuring M-protein peaks.

(A) Standard perpendicular drop method (shaded) where the demarcation begins where the M-spike meets the polyclonal region below it
(arrows) and then proceeds straight down to the baseline including all the area above and below. This measures 14.7 g/L (1.47 g/dL) and

is the most frequently used technique currently. (B) Corrected perpendicular drop where an attempt is made to narrow the area measured
to compensate for the inclusion of the polyclonal area below. The same M-spike here measures 11.5 g/L (1.15 g/dL). (C) Tangent skimming
method described by Schild et al. on the Sebia Capillarys [46]. As shown by the arrows, this method attempts to cut off only the area above
the peak. The M-protein now measures 9.5 g/L (0.95 g/dL). It works well in the yregion.
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Figure 3: Schild et al. diluted an 1gG M-protein and an IgA
M-protein in normal serum and measured the M-protein spike by
perpendicular drop for IgG (shaded squares) and IgA (shaded trian-
gles) and by the tangent method for IgG (unshaded squares) and for
IgA (unshaded triangles).

The perpendicular drops were linear to 15 g/L (1.5 g/dL) whereas
the tangent measurements were linear to 1.5 g/L (0.15 g/dL). Figure
from Schild et al. [46] used with permission.

[46]. As the IMWG guidelines recommend quantitative
monitoring when M-proteins are above 10 g/L (1.0 g/dL),
it was instructive that Schild et al. found discrepancies of
up to 58% between the tangent measurement and the per-
pendicular drop in some sera with M-protein spikes in the
range between 10 and 20 g/L (1.0 and 2.0 g/dL).

Unfortunately, while the tangent method works well
in the y region, M-proteins can migrate anywhere in the
electrophoretic pattern [51]. When they are occur in the
o-, B- or B-y region, the presence of other serum proteins
such as transferrin and C3 alter the shape of the trace where
the M-spike would have met polyclonal immunoglobulin
and instead the intersection of monoclonal and polyclonal
immunoglobulin is hidden under non-immunoglobulin
protein. In these cases, the tangent method is not reli-
able. These problems mainly concern IgA due to its typical
migration in the 3 region. However, other isotypes occa-
sionally migrate in the 3 or o regions and also present dif-
ficulties in measurement by the tangent method. Because
of the variabilities involved in measuring the 3 migrating
IgA M-spikes when using relatively low resolution gel tech-
niques, Katzmann et al. do not measure symmetric IgA 3
M-spikes smaller than 20 g/L (2.0 g/dL) [52]. Recognizing
these issues, the 2014 IMWG guidelines recommend meas-
urement of total IgA rather than the M-protein spike to
follow patients with B-migrating IgA M-proteins [53].

Analternative to measuring the -migrating IgA M-spike
could be, nephelometric measurement of the heavy-light
chain pairs for IgA (IgAK separately from IgAL), which Katz-
mann et al. have shown to provide superior results to those
from the standard perpendicular drop measurements of
gel electrophoretic traces in the {3 region [52].

Another alternative for measuring M-proteins in
the B region is using a CE method that provides crisp
separation of transferrin and C3 where one can obtain
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reproducible measurement of M-spikes by performing a
corrected perpendicular measurement guided by results
from an immunosubtraction (ISUB) pattern on the same
specimen [40, 49]. ISUB patterns reveal the precise area
that has been removed and clearly identifies the amount
of the normal underlying constituents, such as transfer-
rin and C3, or polyclonal immunoglobulin, in the 3 region
(Figure 4). For instance, in Figure 4A, when either IgA or
k light chain is subtracted, the normal B-region bands
(transferrin and C3) are readily identified (Figure 4A). This
permits one to estimate the amount of M-protein and can
inform the corrected perpendicular drops as shown in
Figure 4B. While such methods are subjective and are cor-
rectly termed estimates, the immunochemical measure-
ments of total immunoglobulin of the involved isotype as
suggested by Ludwig et al., or even heavy-light chain pairs
as performed by Katzmann et al. [52], also include incal-
culable amounts of polyclonal immunoglobulins of that
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isotype or heavy-light chain pair. As with the perpendicu-
lar drop, quantification of M-protein using these methods
is more substantially distorted the more the M-protein
declines and normal clones recover after therapy. Another
complicating factor is when two or three M-protein bands
are seen. Some of these are truly bi- or triclonal gam-
mopathies. But many reflect the presence of posttransla-
tional modifications and/or polymerization. IgA and IgM
M-proteins are particularly prone to polymerize [51].
Finally, improvements in the measurement of
M-proteins have been proposed by two workers very
recently. At the 2015 AACC meeting, Wunsch [54] reported
a method that mathematically fits the y region polyclonal
immunoglobulin curve and subtracts estimates of poly-
clonal immunoglobulin in the B region on CE analysis
allowing accurate measurement of transferrin and C3.
At the University of Michigan we have been developing a
quantitative ISUB method on CE that involves integrating
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Figure 4: (A) This ISUB (Sebia Capillarys) of serum shows six electropherogram images of serum from a patient being treated for IgAK mul-
tiple myeloma. The top left image is the protein electrophoresis (ELP) which has a black line indicating the electropherogram of this serum.
The other five images show the result of subtracting the indicated immunoglobulin by preincubating the serum with specific antiserum
prior to performing the ISUB. There are two lines that largely superimpose on these five images. The black line is the ELP pattern repeated
on each image. However, a blue line is also present on these five images that shows what has happened following the immunosubtraction.
Where the two lines overlap, one sees only the blue line. But when there is a difference, the difference between the blue and black lines
shows the area that has been subtracted. This patient has a modest M-spike in the 3 region on the ELP image. A pink arrow points to this
area in the ELP, IgA and Kimages. Under these arrows in the IgA and K images note that the blue lines go down to the two normal  region
proteins (transferrin and C3) while the original black line remains above them. This indicates that the M-spike is composed of IgAK and the
amount subtracted corresponds to the amount of the M-protein. Note also that a tiny restriction can be seen in the yregion (green arrows).
This area is not subtracted by IgA or K, but is subtracted by 1gG and A. It represents a small oligoclonal band commonly seen following autol-
ogous stem cell transplantation. (B) The measured area in the  region in this CE electropherogram from the same serum as in 4A is shaded
in pink (the corrected perpendicular drop). It was estimated by observing the area subtracted in the IgA image of Figure 4A. The arrow in the
yregion indicates the tiny band noted above that likely reflects a reactive oligoclonal process. It is too small to measure.
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the immunosubtracted traces in a region defined by the
pathologist. Using this method, linearity of M-protein meas-
urements in the [ region is comparable to that obtained by
Schild et al. for measuring M-protein spikes in the yregion,
even with small M-proteins approaching 1.0 g/L (0.1 g/dL)
(Dr. Lee Schroeder, personal communication).

Detection and measurement
of M-proteins in serum by
immunochemical methods

Radial immunodiffusion

Immunochemical methods to measure immunoglobulin
isotypes have been used for more than a half-century.
Early work combined visual gel technology with isotype
specific antibodies to measure immunoglobulins. Radial
immunodiffusion (RID) was a single-immunodiffusion
technique that was used in the mid-1960s to measure
immunoglobulins. For the technique, polyclonal antibod-
ies against a specific isotype was added to warm (about
50 °C), liquid agarose to form a mixture with a consistent
concentration of the reagent antibody. This mixture was
allowed to solidify at room temperature on a solid surface
such as a slide or Petri dish [55]. Wells of a precise diam-
eter were sharply punched out of the antibody-agarose
gel. Each well received a standardized volume of either
a control solution containing a known concentration of
the specific antibody isotype or the same volume of an
unknown serum or other fluid to be tested. These samples
were placed in a moisture chamber (to prevent dehydra-
tion of the gel), usually at room temperature, and allowed
to diffuse for a set period of time (typically 16-48 h). As
the immunoglobulins diffused radially from the well,
their concentrations decreased. Large molecules such
as IgM diffuse more slowly than smaller molecules such
as IgG. When the isotype of immunoglobulins reached a
concentration that was equivalent to that of the embed-
ded isotype specific antisera, a precipitin band formed
that was readily visualized. The diameter of the band was
measured and the square of the diameter was graphed
against the known concentration of the standard. The
diameter of the unknown samples was measured and
its gravimetric value in mg/dL was determined from
the standard curve [56, 57]. To improve the speed of the
reaction from the slow diffusion step of the RID, Laurell
supplied electrophoresis to propel the unknown anti-
body solution into the gel creating precipitin bands that
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resembled rockets. This advance allowed the work to be
completed in a few of hours [58, 59].

Smith and Thompson compared RID results for IgG,
IgA and IgM to measurement of the M-protein by den-
sitometric estimations in 186 serum samples from 11
patients with MM or Waldenstrém macroglobulinemia
[60]. By electrophoresis, the total protein was measured
by Biuret technique, and gels stained by Amido Black
had the M-protein spike measured by perpendicular
drop densitometry. They found good correlation overall
(correlation coefficient 0.83) with a slope of 0.88 for IgG.
However, the slopes for IgA and IgM were 0.62 and 0.76,
respectively. Not surprisingly, the values were higher by
RID as they included all of the polyclonal immunoglobu-
lins while the perpendicular measurement of the M-pro-
tein spike by densitometry included only the polyclonal
immunoglobulins that migrated in the same region as the
spike, though also any non-immunoglobulin protein. In
addition, they found that values by the two systems cor-
related much better in some patients than in others. They
recommended using both methods to follow patients with
MM because, in their hands, neither gave clearly superior
performance. Interestingly, considering the recent devel-
opment of heavy/light chain antisera, Smith and Thomp-
son also suggested that the ideal method might employ
an anti-idiotype reagent (clearly not anti-heavy/light, but
unique antisera that reacts with the binding site of the
monoclonal protein that then had recently been described
by Hopper and Nisonoff) [61].

Automated immune precipitin (AIP)

These gel based antibody tests were slow, limited in
their accuracy and required considerable manual atten-
tion. Killingsworth and Savory pioneered the automated
immune precipitin (AIP) method by using the Techni-
con AutoAnalyzer for measurement of human IgG, IgA
and IgM [62]. By combining isotype-specific antisera
reagents with serum in a liquid suspension, antibody-
antigen immune complexes formed that could be meas-
ured by their scattering of light at an acute or right angle
to the incident light. By measuring this at end-point,
or by calculating the changes in the light scatter with
time, one could measure the concentration of the spe-
cific isotype. Adding reagents, such as polyethylene
glycol that enhanced the formation of the immune com-
plexes, improved both the sensitivity and speed of the
reaction. Alternatively, one could obtain similar results
with turbidimetry by measuring the decrease in light
passing through the mixture of complexes. These assays
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dramatically reduced the technical expertise and time
required to make measurements of immunoglobulins
and paved the way for subsequent studies that auto-
mated the measurement of IgG, IgA, IgM as well as anti-
bodies to x or A light chains (whether free or attached to
heavy chains) [63-66].

By using the measurement of IgG, IgA, IgM, x, A,
and the ratio of /A (attached or unattached to heavy
chains) one could determine the heavy and light chain
type of most M-proteins [67-71]. This was useful in the
mid-1980s because the immunoelectrophoresis (IEP) and
IFE techniques available at that time were slow, labori-
ous and expensive, while the immunochemical measure-
ments could be done in minutes. However, small or subtle
M-proteins could not be characterized by these methods.
So, as inexpensive automated immunofixation techniques
became available, the use of immunochemical typing of
serum M-proteins went out of vogue.

As with RID measurements, higher estimations of
M-protein concentrations compared to densitometric
scans of SPEP gels occurred with immunoturbudimet-
ric and nephelometric assays because those techniques
also included a disproportionately larger amount of
polyclonal antibodies of the involved isotype [72]. Fur-
thermore, as with RID techniques, because the reagent
antisera are made against polyclonal immunoglobulins,
the M-protein being measured may differ considerably
in antigenic makeup and thus provide widely varying
results [68, 73]. While IgG and IgA values by RID and
immunoturbidity tend to be comparable (consider-
ing the polyclonal overestimation by AIP technique), a
study by Sinclair et al. on 82 patients with MM and 25
with Waldenstrém macroglobulinemia found an unac-
ceptably large overestimation of monoclonal IgM by
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immunoturbidity. In dilution studies, they found that
SPEP IgM M-protein values overestimated the M-protein
concentration slightly at low levels, but was more relia-
ble at high concentrations. Conversely, immunoturbidity
overestimated IgM at high levels, and was more reliable
at low levels (Table 2).

Nephelometry and turbidimetry for IgG,
IgA and IgM

Riches et al. conducted a comparative study of three
systems, one using rate nephelometry, one with end-
point nephelometry, and a third with rate turbidimetry
on a large number of sera from patients followed over
a period of several years. They reported an overestima-
tion of the M-protein by all instruments with all classes of
immunoglobulins. But similar to Sinclair et al., the over-
estimation was the most problematic with IgM M-proteins
and with rate nephelometry [74]. The rate nephelometry
gave significantly (p<0.001) higher results for all three
analytes, but the percentage increase was greater for IgM
(Table 3). The authors suggested this could reflect a two
stage reaction with an anomalous behavior in the early
part of the IgM reaction [74].

A similar result was reported more recently by Murray
et al. in their comparison of the Dade Behring BNII with
SPEP densitometry from a Helena SPIFE system [14]. In
addition to documenting the disproportionate increase in
IgM found by Sinclair et al., Murray et al. suggested that
it could be due to the presence of low molecular weight
forms of IgM. They also reported that IgG measurement
by SPEP was nonlinear possibly due to dye saturation as
suggested by earlier workers [39].

Table 2: Recovery of purified monoclonal immunoglobulin added to normal human serum and quantitated by electrophoresis followed by

densitometry (SPEP) and immunoturbidimetry (IT).

1gG added, g/L 1gG by SPEP, g/L SPEP % recovery 1gG M-protein+poly IgG, g/L 1gG by IT, g/L IT % recovery
25 25.1 100 35 35 100
12.5 13.5 108 22.5 25.4 113
6.25 7.8 124 16.3 18.6 114
3.12 4.7 152 13.1 14.5 111
1.6 3.28 206 11.6 12.9 111
IgM added, g/L IgM by SPEP, g/L SPEP % recovery IgM M-protein+poly IgM, g/L IgM by IT, g/L IT % recovery
40 42 105 40.4 59 146
20 21 105 20.4 32 157
10 12 120 10.4 12 115
5 5.4 108 5.4 6.9 128
2.5 2.9 116 2.9 3.0 103

The normal serum used as base material had polyclonal IgG and IgM concentrations of 10.0 g/L and 0.4 g/L. Table from Sinclair et al. [72].
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Table 3: Mean M-protein measurement by SPEP, or mean concentra-
tion of involved M-protein isotype by rate nephelometry.

M-protein n SPEP, g/L Nephelometry,
Isotype (1SD) g/L(1SD)
1gG 260 27.9(18.69) 36.9(26.7)
IgA 71 32.1(19.3) 40.15 (29.2)
IgM 120 21.4(35.1) 38.9 (35.1)

Data from Riches et al. [74].

Nephelometry and turbidimetry for serum
free light chains (FLC)

Nephelometric technologies and antisera continue to
evolve creating novel ways to measure M-proteins. In
2001, Bradwell et al. developed polyclonal antisera that
reacted only with free light chains, but not light chains
that were bound to heavy chains [75]. The reagent anti-
bodies were directed against antigenic determinants that
were cloaked in the interior of intact immunoglobulin mol-
ecules. With these highly specific and sensitive reagents,
Bradwell et al. could detect circulating monoclonal free
light chains by measuring the ratio of free «/free A (FLC
K/L). Katzmann et al. further improved the utility of this
assay; establishing a diagnostic range for the FLC K/L of
0.26-1.65 by requiring that an abnormal value would fall
out of the measurements occupied by 100% of the normal
population they tested [76]. By using the diagnostic range
rather than the typical 95% confidence intervals, the spec-
ificity of the test was so strong that that ratio is still used in
screening tests today.

The availability of the serum FLC test during the past
15 years has provided us with an objective quantitative
test for initial detection as well as prognostic information
about monoclonal gammopathies [75, 77, 78]. Indeed, sen-
sitivity and specificity of the serum FLC test are so strong
that for the initial detection of monoclonal free light chains
a urine sample is no longer needed as long as one also
has performed SPEP, serum immunofixation, and serum
FLC [79]. Current IMWG guidelines recommend using the
serum detection of M-protein to follow MM, yet, serum
FLC measurements has been used to document stringent
complete remission as long as free light chain is produced
by the malignant cells [80]. While serum FLC has been an
important assay for detection and prognosis, urine studies
are still recommended by the IMWG to follow patients with
light chain MM because an aliquot of a 24-h urine speci-
men provides a good surrogate marker of tumor burden to
follow disease [81]. Serum FLC are considered less effec-
tive for detecting intact/fragmented immunoglobulin in
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urine, features that correlates with impaired renal func-
tion and reduced survival in MM [82], as well antigen
excess artifacts are occasionally experienced.

Antigen excess is a well-recognized phenomenon
in a wide variety of immunological techniques. Because
most immunoglobulin molecules have only two binding
sites, to form an optimum precipitation with an antigen
of a similar size, the ratio of antibody to antigen should
be approximately 1:1. This permits formation of a huge
latticework structure that readily precipitates. However,
if antigen is present in great excess, the typical antibody
molecule will only be bound to a single antigen, creat-
ing a complex that is too small to precipitate [40]. With
serum FLC, there are relatively few epitopes, and so with
a large number of molecules found in light chain multi-
ple myeloma may overwhelm the ability of relatively small
amounts of antibodies optimized to precipitate with the
tiny amount of FLC usually present in serum [83, 84].

Nephelometry and turbidimetry for
heavy-light chain combinations

A further advance in measuring M-proteins occurred in
2009 when Bradwell et al. described the development of
reagent antisera that was able to detect antigenic determi-
nants that are created by the link between heavy and light
chain constant regions of immunoglobulins [85]. The anti-
sera developed distinguished IgGK from IgGL, IgAK from
IgAL, and IgMK from IgML. Bradwell et al. demonstrated
high sensitivity and specificity similar to their original
studies on antisera against free k and free A chains nearly
a decade before [75]. They established a normal range for
each heavylight chain pair, and a normal ratio for each spe-
cific heavy chain K/specific heavy chain L using samples
from healthy blood bank donor sera. Using a 95% confi-
dence interval for their initial studies, their heavy-light
chain (HLC) ratio measurement could reasonably match
the performance of a relatively low-resolution (5-band
pattern) gel for detecting M-proteins. They did have a few
samples with abnormal HLC ratios but no M-proteins. But,
since the test used a 95% confidence interval finding 1 out
of 20 false positives would be expected [86].

In a subsequent work, Ludwig et al. reported that use
of the HLC assay allowed measurement of M-proteins that
were not accurately measurable by SPEP or nephelom-
etry against the isotype of the involved M-protein [87].
For these studies they defined HLC ratios outside of the
95% reference range to be considered as a clonal process.
However, the false negatives by immunofixation had
an IgA HLC of 2.23 (RI 0.78-1.94) in one case and 3.05 in
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the other. This finding suggests that the 95% range was
too narrow as a diagnostic reference range. Once again,
Katzmann et al. developed a confidence interval (99%)
that improved the specificity of this assay [52]. If one were
to apply the 99% confidence interval of 0.53-2.52 to the
study of Ludwig et al., only one of the two cases would
have been positive, but that sample had a total IgAK (the
involved heavy/light chain pair) measuring only 1.25 g/L
(125 mg/dL), well within the normal range of 0.43-2.36 g/L
(43-236 mg/dL) [87].

The use of the ratios such as the serum FLC ratio
(rFLC) is primarily for initial detection not for monitor-
ing following treatment. That concept has the logic of
a process with an M-protein superimposed on either
a normal set of immunoglobulins or a suppressed set.
However, to follow therapy with serial measurements in
conditions such as oligosecretory MM with light chain
production, the IMWG guidelines recommends using the
involved light chain iFLC or the difference (dFLC) between
the involved FLC and the uninvolved FLC rather than rFLC
[77]. The rFLC was not recommended for serial measure-
ments after therapy because of the marked distortion of
the ratio that could occur with therapeutic suppression
of both the involved and uninvolved FLC. Furthermore,
after therapy such as autologous stem cell transplants we
often see recovery of immunoglobulin production with
oligoclonal bands and second M-proteins that can alter
free light chain ratios up or down and may not reflect a
recurrence. These are lessons learned from serum free
light chains. Until the use of HLC ratios is validated using
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a more rigorous 99% cut-off, we do not recommend that
such data be used to change the status of a patient.

Katzmann et al.’s study recommended use of the IgA
heavy/light measurement for B-migrating IgA M-proteins,
however, they did not see an advantage to using the IgG
heavy/light measurements in preference to the M-spike
measurement for these B region bands [52]. One would
suspect that B-migrating IgG or IgM M-spikes would also
benefit from the more precise heavy/light chain meas-
urement. As noted above, for B-region migrating IgA
M-proteins, we have used a c-perpendicular drop based
upon correcting the measurement with the use of data
from an ISUB pattern, and this may prove to be competi-
tive with HLC. Further, although it should be possible to
use the ISUB pattern itself to measure the subtracted area
directly, the manufacturers currently do not support that
use of their product

Mass spectrometry

A strong hint of what testing for M-proteins will be in
the near future has come from a team at the Mayo Clinic
in the past 2 years [88-90]. They have shown that mass
spectrometry is an exquisitely sensitive and specific
technique that offers great promise to change the entire
manner in which M-proteins are characterized and
measured [88-90]. Mills et al. reported using immuno-
chemical techniques to purify immunoglobulins from
other proteins and reduction to separate the heavy and
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Figure 5: The method to purify and prepare immunoglobulins, followed by microflow liquid chromatography and electrospray ionization

with quadropole time of flight mass spectrometry.

In the enriched, reduced step, light chains are purified. The monoclonal protein is represented by the single large peak seen in the bottom
left panelin the A region. This method has been termed “monoclonal immunoglobulin rapid accurate mass measurement” (miRAMM) [90].
Image provided by and used with permission from Drs. John R. Mills, David R. Barnidge and David L. Murray.
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IFE* patient samples (n=14) were diluted 1:1000 into
normal human serum and re-analyzed IFE and miRAMM.
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Figure 6: The miRAMM technology has an order of magnitude lower limit of detection for M-proteins compared to immunofixation.
This example shows an M-protein (visible on the immunofixation of neat serum) by when diluted 1000 times in normal human serum it is
detected and measurable by mRAMM but invisible to immunofixation (on the right). Image provided by and used with permission from

Drs. John R. Mills, David R. Barnidge and David L. Murray.

light chains. They showed that microflow liquid chro-
matography used together with electrospray ionization
and quadropole time of flight mass spectrometry could
detect unique charge/mass ratios to both identify and
measure M-proteins (Figures 5 and 6). They have termed
the method “monoclonal immunoglobulin Rapid Accu-
rate Mass Measurement” (miRAMM) [90]. They use the
light chains because they are also monoclonal and being
smaller, they are more readily ionized [90]. In addition,
light chains undergo much less posttranslational modi-
fication than heavy chains [91]. The exquisite sensitivity
of this method may be the best way to detect minimal
residual disease. At the present time, however, available
instruments would be impractical for screening large
numbers of samples. However, these elegant studies are
certain to provide strong impetus for manufacturers to
develop instruments that can provide such information
with rapid throughput in a timely and efficient manner
that will allow us to “measure something” with aplomb.
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