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The use of automated microscopy has reached the maturity necessary for its routine use in the clinical
pathology laboratory. In the following study we compared the performance of an automated microscope
system (MDS™) with manual method for the detection and analysis of disseminated tumor cells present in
bone marrow preparations from breast carcinoma patients. The MDS System detected rare disseminated
tumor cells among bone marrow mononuclear cells with higher sensitivity than standard manual microscopy.
Automated microscopy also proved to be a method of high reproducibility and precision, the advantage of
which was clearly illustrated by problems of variability in manual screening. Accumulated results from two
pathologists who had screened 120 clinical slides from breast cancer patients both by manual microscopy
and by use of the MDS System revealed only two (3.8%) missed by the automatic procedure, whereas as
many as 20 out of 52 positive samples (38%) were missed by manual screening. Cytometry (Comm. Clin.
Cytometry) 46:215–221, 2001. © 2001 Wiley-Liss, Inc.
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The new economic realities of the clinical pathology
laboratory and the increasing number of new markers
being discovered through the Human Genome Project
have created an urgent need for test automation. Cytopa-
thology tests in particular can be time consuming, and
when performed in high volumes, are susceptible to hu-
man error. In recent years the development of automated
microscopy has been refined in performance and analyti-
cal clarity. Previously difficult tasks such as morphology
recognition and DNA probe analysis can now be reliably
performed by automated microscopy (1–6). Among the
new cytopathology assays where automation can be ap-
plied is the identification of disseminated (“isolated” or
“occult”) tumor cells in patients suffering from carcino-
mas (7–14).

During the past 10 years, the prognostic impact of the
presence of immunocytochemically detectable dissemi-
nated tumor cells in the bone marrow has been reported
for various cancer types (15–29). Recently Braun et al.
(30), investigating bone marrow aspirates from 552 breast
cancer patients for cytokeratin-positive tumor cells, dem-
onstrated an independent prognostic impact for the risk
of death from cancer. The same author finds that identi-
fication of occult metastatic cells in the bone marrow

predicts poor prognosis better than either Her-2/neu sta-
tus or angiogenesis in breast carcinoma (12).

These studies indicate that the detection of occult tu-
mor cells will influence therapeutic strategies and can
become part of routine pathology. The detection of iso-
lated tumor cells may also become a valuable tool for
monitoring the effectiveness of cancer treatment and early
predicition of cancer relapse, or may contribute to the
development of cancer immunotherapy.

The identification of occult tumor cells in bone marrow
using immunocytochemistry requires careful evaluation
(31). Because of the small numbers of tumor cells present
in these preparations, the screening is a long and tedious
process. Consequently, automation would be of great
value given the large number of tests generated by the
high incidence of carcinomas.

In the following study we performed an exhaustive
comparison of manual and automated microscopy show-
ing that the automatic screening instrument simplifies the
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analysis and provides more sensitive, reproducible, and
accurate results.

MATERIALS AND METHODS
Bone Marrow Processing

The bone marrow was processed according to a
method described previously (31). Briefly, heparinized
bone marrow aspirates from human subjects were en-
riched for bone marrow mononuclear cells (BMMNC) by
centrifugation over Lymphoprep density media (Ny-
comed, Oslo, Norway). Sample deposition of the BMMNC
was done by cytospin methodology onto polylysine-
coated glass slides (0.5 3 106 BMMNC/spot), air-dried
overnight and immunostained, or stored at – 80°C be-
fore immunostaining. For the sensitivity, specificity, and
reproducibility testing of automated microscopy, several
sets of cytospins of spiked samples were prepared from
normal human bone marrow and breast carcinoma cells
(cell line SK-BR-3, American Type Culture Collection,
Rockville, MD). Normal BMMNC suspensions were spiked
with approximately 5–50 carcinoma cells per 500,000
bone marrow cells. Clinical slides from a large collection
of bone marrow cytospins from breast cancer patients,
Stage I–III from the Norwegian Radium Hospital, were
used for both the sensitivity, specificity, and reproducibil-
ity testing and the clinical testing of the automatic scan-
ning.

For the clinical testing, 120 slides were selected from
consecutive patients in such a way that one out of four
slides had shown to contain at least one positive cell, and
the other three had been scored negatively by previous
manual screening. Five of the slides contained more than
five tumor cells per slide; the remaining 115 slides con-
tained one to five tumor cells per slide (mean 1.3 tumor
cells/slide). The definition of a positive slide was the
presence of tumor cell(s) detected by either of the screen-
ings in the present study. No isotype-specific negative
control slides were included.

Immunostaining of Cytospins

Cytospins were immunostained according to a method
described previously (31). Briefly, the air-dried slides were
fixed in acetone, then incubated with pan-anticytokeratin
monoclonal antibodies AE1 and AE3 (Monosan or Signet,
Sanbio, Uden, The Netherlands). This was followed by
incubation with polyclonal rabbit anti-mouse antibody
and then with alkaline phosphatase/mouse anti-alkaline
phosphatase complex (both from Dako, Copenhagen,
Denmark). Color development was achieved by an enzy-
matic reaction with New Fuchsin solution (Aldrich Chem-
icals, Milwaukee, WI) containing levamisole and then
counterstained with hematoxylin to visualize nuclear mor-
phology.

Cytospin Analysis

Manual screening. The manual screening of cyto-
spins was performed by two pathologists (K.W.N. and
E.B.) using conventional light microscopy (103 lens for
screening, up to 603 lens for closer examination of indi-

vidual cells). The coordinates of all cells evaluated as
cytokeratin-positive tumor cells were recorded using an
England Finder slide (Graticules, Pyser-SGI Ltd., UK).

Automated screening. All slides were coded using
blinded experimental methods and were scanned with a
MDS™ System (Applied Imaging Corp., Santa Clara, CA)
by independent operators. Briefly, the MDS System con-
sists of an epifluorescence microscope with computer-
controlled stage movements, autofocus mechanism, two
filter wheels for the detection of multiple chromogen/
fluorochromes (one with 10 filter positions for fluoro-
chrome detection and one with seven filter positions for
brightfield transmitted light chromogen detection), a
black-and-white CCD camera, computer, monitor, and
proprietary scanning and analysis software. For the detec-
tion of red immunostained cells as in this material, the
camera takes two pictures of each scanning field, one
through a brightfield red filter and one through a bright-
field green filter. Objects producing approximately the
same grey value through both filters, i.e. hematoxylin-
stained BMMNC nuclei, are below the detection thresh-
old. Red cells, clearly visible through green filter but close
to invisible through red filter are detected and captured,
as the difference in grey value seen through green and red
filter is above the set threshold. Various thresholds and
finding parameters, for the measurement of stain intensity,
size, and shape morphology, may be adjusted to obtain
optimal sensitivity and specificity in a given sample type
using different chromogens and filter sets. In this study
the system’s finding parameters were set to obtain a high
sensitivity in order to detect all tumor cells in both clinical
and spiked samples, including weakly/heterogeneously
stained cells and badly conserved cells lacking nuclei.

The review process for the automatic scanning proce-
dure, consisting of visual examination of detected objects,
was performed by a pathologist (K.W.N. and/or E.B.).
Initially the pathologist marked all candidate objects in the
picture gallery on the screen, then looked into the instru-
ment’s microscope (Olympus BX60, Olympus Optical,
Tokyo, Japan) where the selected candidates were pre-
sented successively and examined one-by-one in conven-
tional light microscopy. Alternatively, the pathologist se-
lected a specific cell for examination from the picture
gallery by a simple mouse click over the desired image,
causing the system to relocate that cell instantly to the
center of the microscope field for examination. The En-
gland Finder coordinates of all objects were registered by
the system. Classification of the detected elements was
accomplished by selecting one of the predetermined di-
agnostic categories (i.e., tumor cell, haematopoietic cell,
etc.) via the user interface. To facilitate the review process
the instrument’s sorting function (a mathematic formula
using the object’s various finding parameter values) was
used, by which the elements most likely to be tumor cells
are presented first in the gallery and debris last.

Morphological Evaluation

Slides with one or more cytokeratin-positive tumor cells
present were scored as positive samples. The morpholog-
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ical criteria used for scoring a cell as a tumor cell were
described previously (31). The intention was to register
only true tumor cells, both by manual and automatic
screening, but a few cells with indeterminate appearance
were evaluated differently from one procedure to the
other. The final number of positive samples, together with
the number of detected and missed samples by the differ-
ent screenings, were finally defined (by Pathologist 1) and
corrected for interpretational discrepancies on the level of
individual cell morphology.

Performance of the Testing of Automated Microscopy

A series of four studies were conducted to evaluate
automated microscopy vis-à-vis manual screening. These
studies included: scanning the same slides on different
instruments in multiple runs over several days, scanning
30 slides with varying number of spiked tumor cells on
one instrument, and analysis of 120 clinical patient slides,
by both pathologists, manually and by automated micros-
copy.

RESULTS
Study of Sensitivity, Reproducibility, and Specificity

of Automated Microscopy

Three representative BM cytospins from breast carci-
noma patients were screened manually by Pathologist 1,
recording the coordinates of all cytokeratin-positive tumor
cells and thus establishing the known reference locations.
The slides were then scanned automatically on three dif-
ferent instruments over three days (nine runs/slide), and
the scanning images were evaluated by Pathologist 2. The
total number of red objects detected by the machine
(“collected objects”) and, among these, the number of

cells identified as tumor cells by Pathologist 2, were reg-
istered. Objects collected by the automated scan were
determined by the system’s finding parameter settings
(based on red object stain intensity, size, and shape mor-
phology). In another experiment, two clinical BM cyto-
spins from breast carcinoma patients and two BM cyto-
spins with spiked tumor cells were analyzed both
manually and by the automatic procedure by Pathologist
2. These four slides were scanned on three different in-
struments over five separate days (15 runs/slide). Table 1
shows results from two representative slide analyses. As it
can be observed, the same number of tumor cells were
detected in every run. Similar results were observed for
the other slides (data not shown). The total number of
collected objects varied slightly from run to run (CV be-
tween 3.8% and 14.6% for the slides in Table 1, and
between 2.4% and 15.5 % CV for the other slides (data not
shown)). In some instances, as shown in Table 1, the
instruments detected additional tumor cells that had been
missed by manual screening. Comparisons of these tumor
cell’s coordinates showed that it was the same tumor cell
that was identified for all three instruments among the
various runs. In one of the slides (data not shown), one
tumor cell was missed by the pathologist during the re-
view process of one of the automatic scans. All tumor
cells, however, were detected by all instruments in every
run.

In a third experiment a set of 30 BM cytospins were
analyzed, 20 of which contained spiked tumor cells and
10 containing only normal BM cells. Ten of the spiked
slides had high tumor cell load (40–67 tumor cells/slide)
and 10 slides had medium/low tumor cell load (1–10
tumor cells/slide). After Pathologist 2 performed the man-

Table 1
Analysis of Inter- and Intra-instrument Variation in the MDS™ Detection of Tumor Cells/Stained Objects,

in Comparison to Manual Screening*

Slide 1
Manual Instrument 1 Instrument 2 Instrument 3

Tumor cellsa Collected objectsb Tumor cells Collected objects Tumor cells Collected objects Tumor cells

Day 1 2 88 2 169 2 134 2
Day 2 93 2 162 2 136 2
Day 3 96 2 137 2 144 2
Mean 92 2 156 2 138 2
SD 4,0 0 16,8 0 5,3 0
% CV 4,4% 0% 10,8% 0% 3,8% 0%

Slide 2

Day 1 7 91 8 151 8 147 8
Day 2 99 8 208 8 174 8
Day 3 108 8 191 8 155 8
Day 4 110 8 149 8 171 8
Day 5 116 8 176 8 176 8
Mean 104,8 8 175,0 8 164,6 8
SD 9,8 0 25,5 0 12,9 0
% CV 9,4 0% 14,6% 0% 7,8% 0%

*Manual screening of two cytospins (Slide 1 and 2) with bone marrow mononuclear cells harbouring disseminated breast carcinoma
cells, compared to the results of automatic screenings of the same slides on three different instruments, performed over three days
(Slide 1) and five days (Slide 2).

aTumor cells 5 cells among collected objects identified as carcinoma cells by morphpological evaluation.
bCollected objects 5 total number of red objects collected by the instrument.
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ual screening the slides were recoded and scanned on one
instrument. The same pathologist reviewed the automati-
cally collected objects and the two sets of data (manual
and automated) were compared and the concordance
between them was determined. The data are presented in
Table 2 and Figure 1. Among the 20 tumor-containing
slides, automated microscopy detected a greater number
of tumor cells in 13 cases, and an equal number in six
cases. Overall, 615 tumor cells were detected with the
instrument and 545 were detected with manual screening
(Fig.1). One positive sample was missed, i.e. diagnosed as
negative by manual screening but correctly identified as
positive by the automatic procedure (sample E3–20, Table
2). No positive samples were missed by the automatic
procedure, but in one sample (E3–16) one cell (of a total
of four tumor cells) was missed during the review phase
of the automatic screening procedure after the cell had
been correctly detected by the instrument. Furthermore,

no false positive results were obtained by either proce-
dure in the 10 negative cases.

Testing of Automated Microscopy on Clinical Samples

To evaluate automated microscopy on routine clinical
slides, 120 BM cytospins from patients with breast cancer,
both with and without evidence of metastatic tumor cells,
were analyzed. The slides were screened manually by the
two pathologists in their own laboratories and then sub-
mitted to the automated scan procedure two times, one
time for each of the two pathologists. The concordances
between manual and automated screenings for each pa-
thologist were recorded. As shown in Table 3, manual
screening revealed interpathologist variation in the detec-
tion of tumor cells. The number of positive samples found
manually by the two pathologists were 26 and six, respec-
tively, out of a total of 26 positive samples. With the aid of
automated screening, however, both pathologists de-

Table 2
Comparison of Automated Microscopy with Manual Screening for Detection

of Tumor Cells in Experimental Samples

Spike
Automated scan Manual scan Instrument vs.

manualCode # Tumor cells Code # Tumor cells

H E3-10 67 E3-03 64 .
H E3-14 66 E3-13 55 .
H E3-18 65 E3-04 58 .
H E3-25 62 E3-24 55 .
H E3-21 60 E3-28 53 .
H E3-08 54 E3-18 44 .
H E3-04 52 E3-08 41 .
H E3-22 42 E3-17 33 .
H E3-13 41 E3-09 41 5
H E3-12 40 E3-22 40 5
M E3-27 15 E3-11 15 5
M E3-29 10 E3-12 10 5
M E3-15 10 E3-30 9 .
M E3-11 7 E3-27 7 5
M E3-07 6 E3-15 4 .
M E3-23 6 E3-20 6 5
M E3-28 5 E3-21 4 .
M E3-02 3 E3-01 2 .
M E3-16 3 E3-26 4 ,
M E3-20 1 E3-06 0 .
N E3-03 0 E3-02 0 5
N E3-19 0 E3-05 0 5
N E3-01 0 E3-07 0 5
N E3-24 0 E3-10 0 5
N E3-09 0 E3-14 0 5
N E3-06 0 E3-16 0 5
N E3-17 0 E3-19 0 5
N E3-30 0 E3-23 0 5
N E3-05 0 E3-25 0 5
N E3-26 0 E3-29 0 5
Total number of tumor cells 615 545

Manual and automatic screening of 30 BM cytospins. Twenty of the slides contained spiked tumor cells and 10
contained normal BM cells only. Automated microscopy detected a higher number of tumor cells than manual
screening in 13 cases and an equal number in six cases. One positive sample (automated code E3-20) was missed
by manual screening but identified by the automatic scan. No positive samples were missed by the scan, but one
of a total of four tumor cells was missed during the review phase of one of the samples (automated code E3-16);
the cell had, however, been detected by the instrument.

H 5 samples spiked with high number of tumor cells; M 5 samples spiked with medium/low number of tumor
cells; N 5 normal, unspiked samples.
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tected 25 positive samples. Pathologist 1 missed one pos-
itive sample by the automated procedure because the
single tumor cell present was located outside the main
deposition area and was therefore not included in the area
that was preset for scanning. The single tumor cell present
in the positive sample missed by the automated scan by
Pathologist 2 was actually detected by the instrument and
presented in the picture gallery but missed during the
review phase of the detected objects. The accumulated
results from both pathologists show that the automated
procedure detected 50 of 52 (96%) possible positive sam-
ples, whereas totally only 32 (62%) were detected by
manual screenings.

DISCUSSION
The presence of disseminated tumor cells in bone mar-

row may have important implications for clinical outcome
and for choice and monitoring of therapy in the individual
cancer patient (12,30,32–34). However, for most samples,
the number of tumor cells in positive bone marrows is low
and often only a single tumor cell is detected in 2 3 106

BMNNC analyzed (30,35). This indicates that in order to
catch positive samples, careful screening of high amounts

of BMMNC is necessary. The optimal methods for bone
marrow processing and tumor cell detection are still un-
der investigation, as well as the number of hematopoietic
cells necessary for analysis. In our ongoing studies at The
Norwegian Radium Hospital, we have investigated 2 3
106 mononuclear cells from both bone marrow and pe-
ripheral blood by the standard immunocytochemical
method (31). An equivalent number of cells were submit-
ted to an isotype-specific negative stain control. Thus 16
cytospins (0.5 3 106 mononuclear cells per spin) or more
have been screened for each patient sample and the man-
ual screening of these represented a considerable burden
of work.

The results from the present study show that automated
microscopy is able to detect disseminated tumor cells in
BMMNC with a sensitivity that is equal to or above the
sensitivity of parallel manual screening, both for spiked
samples and for clinical samples from breast carcinoma
patients. Furthermore, the screening reliability of the au-
tomatic procedure is stable from day to day for a single
machine and is consistent from one machine to the other
(Table 1).

Table 3
Comparison of Two Pathologist’s Results from the Analysis of 120 Clinical Cytospins from

Breast Cancer Patients, Both by Manual Microscopy and by Automated Microscopy*

Manual screening Automated screening
Pathologist 1 Pathologist 2 Pathologist 1 Pathologist 2

Positive samples found 26 6 25 25
Positive samples missed 0 20 1 1

*Number of positive samples scored by the two different procedures by the two investigators. The
total number of positive (i.e., tumor-containing) cytospins was 26.

FIG. 1. An illustration of the tumor cell num-
bers listed in Table 2. The numbers of tumor
cells detected by the automated scan are shown
as diamonds; the numbers of manually detected
tumor cells are shown as squares.
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The analysis of the 120 clinical slides revealed a marked
manual screening interobserver variation (Table 3). Differ-
ences in manual screening is in accordance with the
results from a previous interlaboratory study comparing
screening for micrometastases among seven European lab-
oratories (31). In contrast, our concordant results using
automated microscopy show that the automatic proce-
dure can produce reproducible and sensitive results. Fur-
thermore, the isolated samples where tumor cells were
missed by the automated method were caused by the
inappropriate setting of the scan area or by not recogniz-
ing a tumor cell as such during the review phase of the
objects presented by the instrument.

One cannot exclude the possibility that excessively bad
technical quality of the preparations might interfere with
automated microscopy cell detection. The manual method
might catch more positives in such slides, but bad technical
quality may also cause missed cells by manual screening.
However, a measure of the robustness of the automated
method is illustrated by the fact that the 120 clinical slides
included in this study were selected randomly, without tak-
ing into account the quality of the preparations. Hence, the
high quality of data collected with the instrument was de-
rived from samples that represent a spectrum of quality one
may expect in a clinical laboratory.

The number of automatically detected objects in each
slide may vary from a few to several hundred objects. The
total number of stained objects in a slide depends on the
biological material to be analyzed, on the cell processing
methods, and the immunocytochemical staining protocol
in use. For example, some anti-cytokeratin antibodies, like
AE1AE3 used in the present study, also stain normal squa-
mous skin epithelial cells, which are present in most slides
either as contamination from the laboratory staff or, pos-
sibly, from the patient skin during bone marrow aspira-
tion. Other anti-epithelial antibodies stain these cells to a
lesser extent (E.B., unpublished observation). Many
stained objects are merely debris, not originating from
skin cells. Disseminated tumor cells may exhibit a strong
variability in their morphological appearances, even
within the same patient sample, and some tumor cells are
destroyed or degenerated (36).

The optional setting of the computer’s finding parame-
ters, i.e. the choice of level of sensitivity and specificity,
also influence the number of detected events. In the
present study, the instrument’s finding parameters were
set to obtain a high sensitivity in order to detect all tumor
cells, including degenerated or heterogenously stained
tumor cells. Table 1 shows a considerable variation in the
total number of collected objects by Instrument 1 com-
pared to Instruments 2 and 3, in addition to a day-to-day
variation for each instrument. As identical finding param-
eters were used for all instruments, these variations were
most likely a result of slightly different settings of the scan
area and of calibration in the different instruments. Red
debris or contaminating squamous skin cells located in the
cytospin periphery, or objects with staining features near
the set threshold limits for detection, could therefore be
included in one scan but excluded in other scans.

During the review phase of the automatic screening pro-
cedure the observer examines the images of all detected
events, consisting of stained tumor cells, normal squamous
skin cells, debris, and, in some patients, stained (“false pos-
itive”) hematopoietic cells. This visual examination of the
picture gallery during the review phase is a crucial part of the
automatic screening procedure. The MDS System uses a
black-and-white video camera. The composite image pre-
sented from the red and green filter images is a color-ren-
dered image. All objects representing potential immuno-
stained cells may be examined using the system’s integrated
microscope. Only objects that are easily recognized as debris
or squamous skin cells were classified solely on the screen
image. To assure 100% sensitivity of the review procedure,
including small damaged cells, between one-third and one-
half of the automatically detected objects were checked in
the microscope (by Pathologist 1). The mean number of
detected stained objects per clinical slide in the present
study was 162 objects (data not shown). Average time for
detailed review, using these high-sensitivity standards, was
6.7 min (Pathologist 1). The time necessary to set up a scan
was 2.5 min on average. Total labor time, per slide, for the
whole automatic scan procedure was thus 9.2 min when the
pathologist followed this 100% sensitivity review procedure.
In comparison, manual screening time on a day-to-day basis
is, on average, a minimum of 10 min per slide, if performed
by an experienced screener (E.B., unpublished observation).
Manual screening of cytospins for the detection of isolated
tumor cells is strenuous, requires dedicated time, usually
more than six months of training, and may also be subject to
considerable intra- and interobserver variation.

Reproducible automated scanning systems, such as the
MDS, offer the performance needed to modify laboratory
screening practices for clinically significant rare cellular
events, such as disseminated tumor cell detection, in order
to reduce pathologist time requirements. As an example of
the potential impact of automated microscopy on the labo-
ratory workflow, a laboratory technologist trained to differ-
entiate between debris and stained cells could set up the
scans and do an initial assessment of the scan results, select-
ing only candidate cells for the final review. Subsequently,
the pathologist or responsible investigator would look only
at these selected candidates and make the final diagnosis. As
all initial images are digitally stored, the investigator may, if
needed, easily repeat the entire review of the picture gallery.
The MDS System thus has high potential impact on the
laboratory workflow by reducing specialized labor time to a
minimum. By relieving a common bottleneck and by increas-
ing the objectivity of the analysis, automated screening may
bring immunocytochemical detection of isolated tumor cells
closer to routine clinical use.

The automatic collection and archiving of tumor cell
images in a picture gallery on the computer screen has
several advantages. The investigator can compare the mor-
phology of different tumor cells within one patient, or
among different patients and carcinoma types. The pic-
ture galleries may serve as valuable tools for standardiza-
tion of diagnostic decisions and for quality control for
inter- and intralaboratory procedures. The registration of
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the tumor cell count per slide is advantageous, as several
reports indicate that not only the mere presence but also
the number of tumor cells detected in the bone marrow
may be clinically relevant (15,18,25,29).

In summary, the use of automated microscopy, both qual-
itatively and quantitatively, was demonstrated to provide
results equal to, and in many cases better than, the use of
manual screening for the detection of isolated tumor cells in
bone marrow specimens. Because of the low prevalence of
tumor cells in most clinical samples, manual screening may
potentially miss a substantial number of the positive samples.
In the present study, the use of automated microscopy in-
creased the percent of detected positive samples from 62%
to 96%. This is a large proportion of patients that would have
been otherwise considered negative and, potentially, might
have received inadequate therapy.
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