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Background: Coronary artery disease (CAD) has a significant disease burden making early diagnosis
and management imperative. Magnetocardiography (MCQ) is a relatively new noninvasive technique
that allows diagnosis of CAD by recording the magnetic fields generated by the electrical activity of
the heart.

Methods: We searched MEDLINE and the Cochrane Central Register of Controlled Trials for
prospective studies that evaluated the test characteristics (e.g., sensitivity, specificity, likelihood ra-
tios) of MCG for detection of CAD. Studies were included if they evaluated either patients with stable
CAD documented by angiogram or patients presenting initially with acute coronary syndrome and
subsequently diagnosed with CAD. The quality of included studies was assessed using an adap-
tation of the Quality Assessment of Diagnostic Accuracy Studies (QUADAS) tool. We performed
meta-analyses of sensitivity, specificity and positive and negative likelihood ratios using Meta-DiSc
software.

Results: Screening of titles and abstracts followed by full-text review yielded seven studies that met
our inclusion criteria. Meta-analyses yielded a pooled sensitivity of 83% (95% confidence interval
[CI] 80% to 86%) and a specificity of 77% (95% Cl 73% to 81%). The pooled positive likelihood
ratio was 3.92 (95% Cl 2.30 to 6.66) and negative likelihood ratio was 0.20 (95% Cl 0.12 to 0.35).
Significant heterogeneity was present in all meta-analyses.

Conclusions: The pooled test characteristics for MCG are similar to those of existing noninvasive
modalities for diagnosing CAD. Our results suggest that MCG is a potential complementary or
alternative tool for noninvasive detection of CAD.
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More than 16 million American adults have coro-
nary artery disease (CAD) and the overall preva-
lence of myocardial infarction is about 3% in
this population. It is estimated that an additional
195,000 cases of silent myocardial infarction oc-
cur every year.! Because of this significant disease

burden, early detection and management of CAD is
imperative. Twelve lead electrocardiogram (EKG],
echocardiography and stress testing are currently
the most commonly used noninvasive modalities
for providing a diagnosis of and prognosis for CAD.
Magnetocardiography (MCG) is a relatively new
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Table 1. Quality Assessment Tool

Item

Definition

Representative spectrum?

Was the spectrum of patients representative of the patients who will

receive the test in practice?

Acceptable reference standard?
condition?
Acceptable delay between tests?

Is the reference standard likely to correctly classify the target

Is the time period between reference standard and index test short

enough to be reasonably sure that the target condition did not
change between the two tests?

Incorporation avoided?

Was the reference standard independent of the index test? (i.e., the

index test did not form part of the reference standard).

Reference standard results blinded?

Were the index test results interpreted without knowledge of the

results of the reference standard?

Index test results blinded?

Were the reference standard results interpreted without knowledge of

the results of the index test?

Relevant clinical information?

Were the same clinical data available when test results were

interpreted as would be available when the test is used in practice?

Withdrawals explained?

Were withdrawals from the study explained?

noninvasive technique that allows recording of the
magnetic fields generated by the electrical activity
of the heart.?”® A magnetocardiogram consists of
an enhanced detector of the magnetic field called
a SQUID (superconducting quantum interference
device) and measures the magnetic field simulta-
neously at multiple points, generating maps, which
are analyzed similar to a surface EKG.”8 However,
MCG is more sensitive than surface EKG to the tan-
gential currents which arise in subepicardial and
deeper myocardial layers due to the gradients in
the electrical properties between normal and is-
chemic tissue.® These currents do not have an elec-
trical counterpart and thus cannot be picked up by
EKG.! In this paper, we perform a systematic re-
view and meta-analysis to evaluate the diagnostic
test characteristics of MCG for CAD.

METHODS
Study Selection

We searched MEDLINE and the Cochrane Cen-
tral Register of Controlled Trials from 1948 to
August 2011 using keywords and/or medical sub-
ject headings (MeSH) for CAD and MCG. Titles
and abstracts of English language references iden-
tified in our search were screened by one au-
thor and all articles meeting inclusion criteria
underwent full-text review by two independent
reviewers. Any disagreements were resolved by
consensus or arbitration. We included prospective
studies that evaluated the test characteristics (e.g.,
sensitivity, specificity, likelihood ratios) of MCG
for detection of CAD. Studies were included if they

54 records : .
@__‘ 30 records excluded by title and abstract screening

24 full-text
articles assessed
for eligibility

17 articles excluded because:

not an original study (n=5)

did not assess magnetocardiography (n=5);
did not evaluate test characteristics (n=7).

7 studies included for data
extraction and meta-analyses

Figure 1. Flow diagram for selection of included studies.
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Table 2. Study Characteristics

Author Setting Where Test
(Year) Study design Test (N) Control (N) Performed
Gapelyuk Prospective Patients with Healthy subjects with no  Shielded room
etal.,2010"  nonrandomized symptomatic stable CAD history, normal
controlled study CAD and EKG, echocardiogram,
angiographically Holter monitoring and
proven > 50% stenosis exercise testing (59)
of all three coronary
arteries (101)
Kandori et al., Prospective Patients with Healthy subjects (101) Shielded room
20108 nonrandomized angiographically
controlled study proven > 75% stenosis
of a vessel (56)
Park et al., Prospective Patients with Patients with Shielded room
20083 nonrandomized angiographically angiographically

Tolstrup et al.,

controlled study

Prospective

proven > 70% stenosis
of a vessel (42)
Patients presenting with

2006'° nonrandomized chest pain diagnosed
controlled study as acute coronary
syndrome (56)
Park et al., Prospective Patients presenting with
200520 nonrandomized chest pain diagnosed
controlled study as CAD with EKG,
troponin elevation,
echocardiography or
coronary angiography
(143)
Steinberg Prospective Patients with
etal., 2005%2"  nonrandomized angiographically
controlled study proven > 50% stenosis
of a vessel (19)
Hailer et al., Prospective Patients with stable
200522 nonrandomized angina with > 50%

controlled study

stenosis of a vessel
(171

proven nonobstructive
CAD (58)

Subjects with EKG,
troponin or
angiographic results
not consistent with
CAD (70)

Subjects with normal
EKG, troponins or
coronary evaluation
presenting with chest
pain (42)

Patients with
angiographically
proven nonobstructive
CAD (34)

Healthy subjects (117)

Unshielded room

Unshielded room

Unshielded room

Unshielded room

CAD = coronary artery disease; EKG = electrocardiogram.

evaluated (1) patients with stable CAD documented
by angiogram or (2) patients presenting initially
with acute coronary syndrome and subsequently
diagnosed as CAD using EKG, cardiac biomarkers,
stress testing, or angiogram.

Data Extraction

We extracted data on the study design, popula-
tion, sample size, and the data used to calculate test
characteristics (true positives, false positives, false
negatives, and true negatives). Data was extracted
by one author and verified by another author for ac-
curacy. We assessed the quality of individual stud-
ies using an adaptation of the Quality Assessment

of Diagnostic Accuracy Studies (QUADAS) tool
(Table 1).!! Studies were considered to be of high
quality when both reference standard and index
test results were blinded.

Statistical Analyses

We performed meta-analyses of sensitivity,
specificity and positive and negative likelihood ra-
tios using Meta-DiSc software.!? We used a ran-
dom effects approach for the meta-analyses that
allowed us to account for variations within and
between studies.!®> We also evaluated the pooled
sensitivity and specificity by fitting the summary
receiver operating characteristic (SROC) curve. The
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Gapelyuk, 2010

Hailer, 2005

Kandori, 2010

Park, 2005

Park, 2008

Steinberg, 2005

® P D D @D @ | @ representative spectrum?

® B B @ @ @@ |Acceptable reference standard?
@ O D @ @ @ @ |Acceptable delay between tests?
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. . ® e . & . Reference standard results blinded?
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Tolstrup, 2006

Figure 2. Study quality assessment.

SROC curve graphs the sensitivity (or true pos-
itive rate) against (1-specificity) (or false positive
rate), similar to the receiver operating characteris-
tic (ROC) curve for a single study. The only differ-
ence is that each data point in the SROC curve rep-
resents a different study and not a different testing
threshold like in the ROC curve. The area under
the curve (AUC) is also an indicator of the over-
all performance or accuracy of the test. Overall
test accuracy is indicated by the closeness of the
graph to the top left corner or an AUC close to
unity.!* The I? statistic was used to evaluate hetero-
geneity and significant heterogeneity was defined
as an I? statistic >50%. We examined causes of
heterogeneity using unweighted univariate meta-
regression utilizing the Littenberg and Moses linear
model. 1516

RESULTS
Study Selection

Our literature search initially yielded 54 articles.
Screening of titles and abstracts followed by full-
text screening yielded seven studies that met our
inclusion criteria (Fig. 1).317722

Study Characteristics

The seven studies included a total of 590 pa-
tients. The study characteristics are shown in Table
2. In five studies, the patients included had stable
CAD3171821.22 and in the remaining two studies,
patients presented with acute chest pain and were
subsequently diagnosed with CAD.!%-2° Most of the
CAD patients in the included studies had coronary
angiograms with documented epicardial coronary
artery stenosis greater than 50-75%. The studies
were conducted using unshielded rooms in four
studies'®"?? and magnetically shielded rooms in the
remaining studies.® 1718

The study quality assessment is shown in Figure
2. Reference standard results were blinded in three
studies®?%?2 and index test results were blinded
in four studies.®2°722 The reasons for withdrawal
were explained in two studies.?%2!

Test Characteristics

Meta-analyses yielded a pooled sensitivity of
83% (95% CI 80% to 86%; I> = 83.8%) and a speci-
ficity of 77% (95% CI 73% to 81%, 12 = 85.9%;
Fig. 3). The pooled positive likelihood ratio was
3.92 (95% CI 2.30 to 6.66, I = 88.6%) and negative
likelihood ratio was 0.20 (95% CI 0.12 to 0.35, I2 =
84.2%; Fig. 4). The AUC on the SROC curve was
0.90 (Fig. 5). We examined sources of the signifi-
cant heterogeneity using the study level covariates
of clinical presentation (stable CAD vs. acute coro-
nary syndrome), setting where test was performed
(shielded vs. unshielded) and study quality (high
versus low). Meta-regression suggested that hetero-
geneity was not due to any of these covariates (P-
value of 0.67, 0.41, and 0.73, respectively). No one
study impacted heterogeneity. This was evaluated
by sequentially eliminating individual studies from
the meta-analyses.

DISCUSSION

To our knowledge, this is the first systematic re-
view and meta-analysis evaluating the test char-
acteristics of MCG for the diagnosis of CAD.
Our pooled test characteristics for MCG (Figs. 3
and 4) are similar to those of existing nonin-
vasive modalities diagnosing CAD?**2?° and have
significantly higher sensitivity than the standard
resting EKG. Compared to the pooled sensitivity
of 83% for MCG, the sensitivity of EKG ranges
between 14 and 45%. Apart from being more
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Sensitivity (95% CI)
Gapelyuk,2010 0.88 (0.80-0.94)
Kandori,2010 0.75 (0.62-0.86)
Park,2008 0.98 (0.87-1.00)
Tolstrup, 2006 0.76 (0.63-0.87)
Park 2005 092 (0.87-0.96)
Steinberg, 2005 0.84 (0.60-0.97)
Hailer,2005 073 (0.66-0.79)
Pooled Sensitivity = 0.83 (0.80 to 0.86)

Chi-square = 36.79. df = 6 (p = 0.0000)
Inconsistency (l-square) = 83.7 %

Specificity (95% Cl)
Gapelyuk, 2010 0.88 (0.77-0.95)
Kandori, 2010 0.84 (0.76-0.91)
Park,2008 0.81 (0.69-0.90)
Tolstrup.2006 0.74 (0.62-0.84)
Park,2005 095 (0.84-0.99)
Steinberg, 2005 0.41 (0.25-0.59)
Hailer, 2005 0.70 (0.61-0.78)

Pooled Specificity = 0.77 (0.73 10 0.81)
Chi-square = 42.48; df = 6 (p = 0.0000)
Inconsistency (l-square) = 85.9 %

ificity.
Positive LR (95% CI)
2010 T43 (3.69-14.94)
Kandori, 2010 473 (295-761)
Park.2008 515 (3.02-8.78)
Tolstrup, 2006 297 (1.94-454)
Park 2005 19.38 (5.01-75.02)
2005 143 (1.02-202)
Hailer,2005 244 (1.82-3.27)
Random Effects Model
Pooled Positive LR = 3.92 (2.31 10 6.66)
Cochran-Q = 52,47, df = 6 (p = 0.0000)
Inconsistency (I-square) = 88.6 %
Tau-squared = 0.4209
Negative LR (95% CI
Gapelyuk 2010 0.13 (0.08-0.23)
Kandori,2010 030 (0.19-047)
Park,2008 0.03 (0.00-0.20)
Tolstrup,2006 032 (0.19-0.52)
Park,2005 008 (0.05-0.14)
Steinberg,2005 038 (0.13-1.17)
Hailer, 2005 039 (0.29-0.51)
Random Effects Model
Pooled Negative LR =0.20 (0.12 to 0.35)

Cochran-Q = 37.97; df = 6 (p = 0.0000)
Inconsistency (l-square) = 84.2 %
Tau-squared = 0.3827

Figure 4. Pooled positive and negative likelihood ratios.
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Figure 5. Summary receiver operating characteristics (SROC) curve.

sensitive to tangential currents, MCG measures
multiple sites whereas an EKG covers only a nar-
row region of the precordial surface. Also, mag-
netic signal is less influenced by variations of con-
ductance in overlying body structures than surface
EKG. MCG thus shows ischemia-induced devia-
tions with better accuracy.!”-2¢

The current American College of Cardiol-
ogy/American Heart Association guidelines rec-
ommend the use of EKG treadmill testing in
patients with intermediate pretest probability of
CAD. However, baseline EKG changes like Wolff-
Parkinson-White syndrome, left bundle branch
block and ST segment depression >1 mm preclude
its use. Patients with intermediate pretest proba-
bility of CAD who are unable to undergo EKG
stress testing due to any of these factors are rec-
ommended to undergo cardiac stress testing with

imaging.?” These modalities are not always readily
available and are limited by operator dependent
characteristics or reader variability.? MCG may
provide an advantage as it can be interpreted using
computer-generated algorithms.!®

Our results suggest that MCG can potentially be
used as a complementary tool to existing diagnos-
tic algorithms for diagnosis of CAD. For instance,
a 35-year-old man with nonanginal chest pain has
a low pretest probability of CAD and would be dis-
charged from the emergency department or hos-
pital without a stress test. As shown in Table
3, a positive result with MCG in such a patient
would increase the probability of CAD to inter-
mediate, thus necessitating a stress test. In certain
circumstances, MCG could also be used as an al-
ternative to stress testing. A 45-year-old female pa-
tient with classic anginal chest pain would usually
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Table 3. Use of Magnetocardiography in Diagnosis of
Coronary Artery Disease

35-year-old man with nonanginal chest pain

Pretest probability of CAD = 0.05 (low; no stress
test necessary)

Pretest odds of CAD = Pretest probability / (1 -
pretest probability) = 0.05/ (1 - 0.05) = 0.05

Posttest odds of CAD = Pretest odds x likelihood
ratio of MCG = 0.05 x 3.92 = 0.20

Posttest probability of CAD = posttest odds / (1 +
posttest odds) = 0.20/ (1+ 0.20) = 0.17
(intermediate; stress testing indicated)

45-year-old woman with typical anginal chest pain
Pretest probability of CAD = 0.55 (intermediate,
stress testing indicated)
Pretest odds of CAD = pretest probability / (1 —
pretest probability) = 0.55/ (1 - 0.55) = 1.22
Posttest odds of CAD = pretest odds x likelihood
ratio of MCG = 1.22 x 3.92 = 4.78

Posttest probability of CAD = posttest odds / (1 +
posttest odds) = 4.78 / (1 + 4.78) = 0.83 (high;
medical therapy pending coronary angiogram is
indicated)

CAD = coronary artery disease; MCG = magnetocardiography.

undergo stress testing and then be initiated on
medical therapy pending a coronary angiogram if
the stress test were positive. Using MCG instead
of stress testing would result in the same conclu-
sion.?® Also, for a given prevalence of CAD in a
population, the pooled sensitivity and specificity
of MCG can be used to calculate positive and neg-
ative predictive values for the test. For instance,
the age-adjusted prevalence of CAD in the United
States is 6%’ and yields a positive predictive value
of 19% and a negative predictive value of 99% for
MCQG, suggesting that MCG could be useful in this
population to rule out CAD.

This review is the first attempt to systematically
identify all evidence on the diagnostic performance
of MCG. Our findings are relevant to the numerous
patients presenting with chest pain or being evalu-
ated for CAD. The limitations of our analysis stem
from the low quality of evidence on this technology
at the current time. We also found significant het-
erogeneity between study results that could not be
explained by study level variables like study qual-
ity, clinical presentation of the patient, or record-
ing of the magnetocardiogram in a shielded ver-
sus unshielded room. "Threshold effect," however,
may have been an important contributor to the
heterogeneity we observed. Such an effect results
from the use by individual studies of varying im-

plicit or explicit cutoffs for defining a positive or
negative test.!? At the present time, there is no con-
sensus on the diagnostic threshold for CAD using
MCG and different parameters were used by each
study included in our review.

In summary, this analysis suggests that MCG
is a potential complementary or alternative tool
for noninvasive detection of CAD. Future head-to-
head trials comparing MCG-driven diagnosis and
treatment strategies to existing strategies driven by
other noninvasive techniques are needed to exam-
ine differences between these strategies on cardio-
vascular morbidity and mortality. The application
of MCG should also be tested in patient popula-
tions where other noninvasive modalities cannot
be performed or interpreted.
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