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Abstract

Objectives To investigate the diagnostic performance of MRI in diagnosing carotid atherosclerotic intraplaque hemorrhage (IPH)
and to provide a clinical guide for MRI application.

Methods We searched MEDLINE, Embase, and Cochrane library from the earliest available date of indexing through November
30, 2017. All investigators screened and selected studies comparing the use of MRI with histology. The accuracy to diagnose
pathological IPH was expressed by sensitivity, specificity, negative likelihood ratios (LRs), positive LRs, and the area under
summary receiver-operating characteristic (SROC) curve. We calculated the post-test probability to assess the clinical utility of MRI.
Results We analyzed 696 patients from 20 articles. The sensitivity and specificity were 87% (95% CI, 81-91%) and 92% (95%
CI, 87-95%), respectively. The positive and negative LRs were 10.27 (95% CI, 6.76-15.59) and 0.15 (95% CI, 0.10-0.21),
respectively. The area under SROC curve was 0.95 (95% CI, 0.93-0.97). MRI was accurate in confirming or in ruling out disease
over a wide range of pre-test probabilities of IPH: MRI could increase the post-test probability to > 80% in patients with a pre-test
probability >27% and could decrease the post-test probability to < 20% in patients with a pre-test probability < 64%.
Conclusion Non-invasive MRI has excellent specificity and good sensitivity for diagnosing IPH. MRI is a tool for confirming or
ruling out carotid atherosclerotic IPH.

Key Points

* Non-invasive MRI has excellent performance for diagnosing IPH, which is a component of vulnerable plaque.

e The high accuracy of MRI for IPH helps clinicians analyze the prognosis of clinical events and plan personalized treatment.
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TIWI T1-weighted imaging
T2WI T2-weighted imaging
TFE Turbo field echo
TOF Time of flight

TSE Turbo spin echo
Introduction

Stroke related to atherosclerosis is one of the most serious
diseases threatening human beings’ health [1, 2]. The severity
of carotid atherosclerotic stenosis was long thought to be the
risk factor for stroke, and the level of carotid stenosis served as
a principal criterion in deciding whether to use surgical treat-
ment or drug therapy to treat carotid atherosclerotic disease [3,
4]. Vulnerable carotid plaque, independent of the stenosis se-
verity, is also an important risk factor [5, 6]. Vulnerable carotid
plaque is defined as unstable lesions connected with an in-
creased risk of rupture and thromboembolic events [7, 8].
The main components of vulnerable plaque are intraplaque
hemorrhage (IPH), lipid-rich necrotic cores, ulceration, or thin
fibrous caps [7, 8]. Compared with other specific histopatho-
logic features, IPH plays a more important role in the progres-
sion of plaque [9]. According to the American Heart
Association histologic classification of atherosclerotic
plaques, IPH is a key component of type VI plaque, known
as complicated plaque and exposing to serious complications
[10, 11].

Tools for evaluation of IPH should be non-invasive and
easily accessible in daily clinical practice. Different non-
invasive imaging methods have the potential to recognize ca-
rotid vulnerable plaques in vivo [12—17]. However, carotid
ultrasonography, contrast-enhanced ultrasound, shear wave
elastography, and multidetector-row computed tomography
(CT) cannot accurately diagnose IPH or provide detailed in-
formation about a vulnerable plaque [12—17]. Magnetic reso-
nance imaging (MRI) has an excellent capability for
distinguishing IPH [18-20]. However, published studies have
shown variation in the diagnostic performance, probably ex-
plained by the selection and number of patients examined in
single centers. Finally, it is uncertain whether MRI has the
ability to confirm IPH, or exclude IPH, or both confirm and
exclude IPH.

This is not only important for the prognosis of clinical
events but also for guiding personalized surgical or pharma-
cological treatment. The objective of our meta-analysis was to
systematically evaluate the accuracy of MRI in diagnosing
carotid IPH, with histology as the gold standard, and to ana-
lyze the diagnostic role of MRI for confirming or excluding
the presence of IPH.

@ Springer

Methods
Data sources and searches

This diagnostic meta-analysis adhered to the statement of the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses. We searched MEDLINE, Embase, and Cochrane
library from the earliest available date of indexing through
November 30, 2017, without language restrictions.

Selection criteria

Our search strategy is shown in the supplementary material.
We selected articles by first using two investigators to exam-
ine their titles and abstracts. The pre-specified inclusion and
exclusion criterions are listed in the supplementary material.

Data extraction and quality assessment

The recording data for each eligible study are listed in the
supplementary material. Two independent investigators eval-
uated the study quality with the Quality Assessment of
Diagnostic Accuracy Studies (QUADAS) tool [21].

Statistical analysis

We used Cohen’s kappa test to evaluate the inter-observer
agreement. To avoid publication bias, we constructed an
effective sample-size funnel plot versus the log diagnostic
odds ratio and carried out the regression test of asymmetry
[22]. As we anticipated that the heterogeneity would be
significant, we used an exact binomial rendition of the
bivariate mixed-effects regression model with test type as
a random-effects covariate, which accounted heterogeneity
among the original studies, to synthesize the summary op-
erating sensitivity, specificity, and the positive and nega-
tive likelihood ratios (LRs) [23, 24]. Based on a random-
effects analysis, we evaluated the heterogeneity by calcu-
lating the Cochran Q statistic and /* statistic [25]. We also
applied a meta-regression to analyze the predictors that
influenced the heterogeneity [23].

Based on the parameters estimated by the bivariate model
for the logit transforms of sensitivity and specificity between
the studies, we constructed a hierarchical summary receiver-
operating characteristic (SROC) curve, the area under which
represented as a global performance of MRI. The values for
the area under receiver of operating characteristic (AUROC)
were defined as high (0.9—1), moderate (0.7-0.9), or low (0.5—
0.7). According to Bayes’ theorem, we calculated the post-test
probability to assess the clinical utility of MRI [26]. Given a
pre-test probability of vulnerable IPH and the work of a spe-
cial test by the aid of its LRs, we can evaluate the post-test
probability of IPH after conducting this test. Using this
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approach, one can confirm (if the post-test probability goes
beyond 80%) or exclude (if the post-test probability drops
below 20%) the carotid atherosclerotic IPH.

We analyzed the data and constructed the graphs with
Stata, version 12 (StataCorp) and applied SPSS, version
16.0 (SPSS), to calculate the kappa statistics.

Results

We found 1843 articles from MEDLINE, 3176 from Embase,
and 124 from Cochrane library. After screening by title and
abstract, we retrieved 331 full articles. Of these articles, 20
met our inclusion criteria. A flow chart describing our research
and selection process is presented in Fig. 1.

Study characteristics

Table 1 summarizes the details of the articles. We included the
data of 696 patients from the 20 studies.

The QUADAS assessment for the 20 studies is summa-
rized in supplementary Table 1. We evaluated the methodo-
logical quality according to the QUADAS tool. The inter-
observer consistency was good (K =0.93).

Summary of the diagnostic performance measures

The publication bias was not significant (p = 0.133), which is
shown in supplementary Fig. 1.

The summary sensitivity and specificity were 87% (95%
CI, 81-91%) and 92% (95% CI, 87-95%), respectively. We
found a significant heterogeneity for both sensitivity and

Fig. 1 The protocol of evidence

search and selection. Twenty Records identified through Additional records identified
studies were ultimately identified database searching through other sources
(MEDLINE n=1,843 EMBASE (n=6)
n=3,176 Cochrane library n=124)
A 4 A 4
Records after duplicates removed
(n=3,292)
A 4
Records screened R Records excluded
(n=3,292) > (n=2,961)

Full-text articles excluded, with
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A 4
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assessed for eligibility

No detailed data(n=275)
Not aboutMRI(n=13)
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A 4
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Language(n=1)
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specificity (F =84.18, p<0.001 and I°=75.97, p<0.001),
which is shown in Fig. 2.

The SROC curve that summarizes the operating points for
sensitivity and specificity reveals the high diagnostic perfor-
mance of MRI in diagnosing IPH, with an area under the
curve of 0.95 (95% CI, 0.93-0.97; Fig. 3).

The positive and negative LRs were 10.27 (95% CI, 6.76—
15.59) and 0.15 (95% CI, 0.10-0.21), respectively (Fig. 2).
We calculated the post-test probabilities to determine the im-
plications of MRI for diagnosing IPH. The plot shows high
predictive values of MRI in confirming or ruling out the dis-
ease over a wide range of pre-test probabilities of IPH: MRI
could increase the post-test probability to >80% in patients
with a pre-test probability > 27% and could decrease the post-
test probability to < 20% in patients with a pre-test probability
<64% (Fig. 4).

The meta-regression demonstrated that the magnetic field
strength, the sequences of MRI, the mean patient age, and the
percentage of male participants were significant predictors of
heterogeneity (p=0.01, p=0.04, p<0.01, p<0.01) in sup-
plementary Table 2. On the other hand, the number of patients
and the quality scores did not impact the pooled results, with
p>0.05 (p=0.95 and p =0.27) (supplementary Table 2).

For a comparison of the magnetic resonance (MR) scanner
generations, we added magnetic field strength (1.5-T vs 3.0-T
scanner) as a covariate to the bivariate model. For the 1.5-T
scanner, the pooled sensitivity and specificity were 89% (95%
Cl, 85-92%) and 89% (95% Cl, 84-93%) (supplementary
Fig. 2); for the 3.0-T scanner, the pooled sensitivity and spec-
ificity were 77% (95% CI, 56-90%) and 97% (95% CI, 94—
98%) (supplementary Fig. 3). The positive LR and negative
LR were 8.40 (95% CI, 5.55-12.72) and 0.12 (95% CI, 0.08—
0.18) for the 1.5-T scanner (supplementary Fig. 2). The 1.5-T
scanner could increase the post-test probability of IPH to
> 80% in patients with a pre-test probability of IPH > 33% and
decrease the post-test probability of IPH to <20% in patients
with a pre-test probability of IPH <67% (supplementary
Fig. 4). The pooled results indicated that the sensitivity de-
creased from the 1.5- to 3.0-T scanner, while the specificity
followed the opposite trend. For the 3.0-T scanner, the positive
LR increased to 23.05 (95% CI, 11.70-45.43), and the nega-
tive LR also grew to 0.25 (95% CI, 0.12-0.50; supplementary
Fig. 3). Importantly, the 3.0-T scanner, with excellent speci-
ficity and positive LR, could increase the post-test probability
of IPH to > 80% in patients with a pre-test probability > 13%.
It could also decrease the post-test probability of IPH to < 20%
in patients with a pre-test probability < 51% (Fig. 4).

Though we found some factors that influenced the pooled
results—such as different sequences of MRI, age, and
gender—we cannot conduct a subgroup analysis for the lim-
ited number of references of different data.

We performed the sensitivity analysis to research the influ-
ence of each independent study. It indicated that no study

influenced the pooled sensitivity and specificity results more
than 0.03 (supplementary Fig. 4).

Discussion

In this meta-analysis, we analyzed 696 patients from 20 stud-
ies to investigate the accuracy of MRI in diagnosing IPH and
to provide a clinical guide for MRI applications. The results
demonstrated a good sensitivity of 87% as well as an excellent
specificity of 92%. Further analysis revealed that MRI had
favorable positive and negative predictive value profiles over
a wide range of pre-test probabilities for IPH, which implies
that MRI can be applied as an effective test to confirm or
exclude carotid atherosclerotic IPH.

Plaque-derived stroke, because of its high rate of mortality,
requires a precise diagnosis of plaque characteristics for risk
stratification and medical treatment. IPH is a major mecha-
nism for the progression of vulnerable atherosclerotic plaque
and IPH plays an important role in the pathogenesis of clinical
events [41, 45]. Early recognition of IPH and vulnerable
plaque may be important clinical value in optimizing treat-
ment to decrease the future sequelae [46].

Due to the degradation of hemorrhage into methemoglo-
bin, which impacts magnetic susceptibility, MR is a relevant
tool for detecting IPH in vivo [47]. Many studies have dem-
onstrated the importance of MRI-detected IPH in predicting
cerebrovascular events, which implies that IPH diagnosed
by MR1 is associated with vulnerable plaque [48—50]. These
studies were based on the idea that the high signal on T1-
weighed image was related to pathological IPH. However,
there was variation in the accuracy of MRI for depicting IPH
form one study to another in relevant diagnostic studies,
with sensitivities of 86% to 96% and specificities of 75%
to 82% [33, 40, 41]. Although several studies reported that
MRI could detect IPH with excellent reliability and accura-
cy [20, 28, 44], the number of enrolled patients (from 11 to
135) and the use of single-center study designs limited the
robustness of the conclusions. Tradeoffs between sensitivi-
ty, specificity, and disease probability must be simulta-
neously evaluated for judging which strategy could maxi-
mize clinical utility. So, besides the sensitivity and specific-
ity, the disease probability should also be taken into ac-
count, which is important for diagnostic decisions and ex-
pected clinical utility [51].

In addition to good sensitivity and high specificity for di-
agnosing carotid IPH, this meta-analysis showed a high accu-
racy of MRI (AUROC = 0.95). To determine the implications
of our results for clinical decision-making, we calculated the
post-test probabilities of MRI for populations with different
pre-test probabilities of IPH (Fig. 4). The results indicated a
high positive predictive value across a broad spectrum of pre-
test probabilities. MRI also demonstrated a good negative

@ Springer
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Fig. 2 Forest plots illustrating detailed sensitivity, specificity, positive
LR, and negative LR. The pooled sensitivity was good and specificity
was excellent with results of 87% (95% CI, 81-91%) and 92% (95% CI,

diagnostic capability. MRI-detected IPH represents an imag-
ing biomarker for vulnerable plaque and thus improves the
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establishment of a clinical prognosis as well as the determina-
tion of personalized treatment.
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Fig. 3 Summary receiver-
operating characteristic (SROC)
curve of MRI. We calculated es-
timates of the diagnostic perfor-
mance of MRI obtained from the
bivariate random-effects meta-
analysis. The area under the curve
was 0.95 (95% CI, 0.93-0.97),
which indicated a high accuracy
of MRI in diagnosing IPH

109

Sensitivity
o
T

0.0

SROC with Confidence and Predictive Ellipses

x Observed Data

Summary Operating Point
¢ SENS =0.87 [0.81 - 0.91]
SPEC =0.92[0.87 - 0.95]

SROC Curve
AUC =0.95[0.93 - 0.97]

————— 95% Confidence Ellipse
----------------- 95% Prediction Ellipse

1.0

The present analysis demonstrates that MRI could identify
not only 920 true-negative and 837 true-positive cases but also
167 false-negative and 99 false-positive cases. The false re-
sults may derive from the inherent shortcomings of MRI.
Although MRI has high accuracy and systematic criteria for
diagnosing a cerebral hemorrhage, it is difficult to directly
extrapolate the hemorrhage criteria from cerebral events to
IPH. First, IPH may insinuate itself into preexisting necrotic
cores or into spaces between calcifications and matrices,

05 0.0
Specificity

which results in a wide range of MR signal intensity [41].
Another potential reason is the hypointensity of the “old”
IPH [41]. Most studies only select those areas with hyperin-
tense T1-weighted images for analysis. Although hemorrhagic
lesions are identified solely on the basis of high signal inten-
sity, the old IPH with hypointensity in all contrast weightings
is generally classified as calcification by mistake [41].
Furthermore, the lipid-rich necrotic core, the intact
degenerating red cells, and the increase interstitial fluid
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illustrates the post-test probability
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>27% (blue solid line) and could
decrease post-test probability of
IPH to < 20% in patients with a
pre-test probability < 64% (blue
dotted line). 3.0-T scanner could
increase post-test probability
to >80% in patients with a pre-
test probability > 13% (green sol-
id line), whose positive predictive
value was better than that of 1.5-T
scanner (red solid line). However,
the negative predictive value of
3.0-T scanner (green dotted line) 02}
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associated with inflammation may increase hyperintense sig-
nal and lead to false positives [31, 41]. On the TOF sequence,
the signal may also be affected by the high signal intensity of
flowing blood within an ulcer and the motion artifacts [30].

Because of anticipated heterogeneity, we used a random-
effects model to consider the heterogeneity, further explored
the heterogeneity by adding covariates to the meta-regression
analysis, and performed subgroup analyses. The results indi-
cated that the significant predictors were magnetic field
strength, different MRI sequences, age, and gender.
Although heterogeneity was present—a common situation in
diagnostic meta-analyses—we believe that the heterogeneity
was more statistical than clinical. The pooled results are par-
ticularly relevant for harmonizing the diagnostic standards for
future studies and clinical decisions.

An intergenerational comparison shows that the specificity
of the 3.0-T scanner (97%) is significantly higher than that of
the 1.5-T scanner (89%). Moreover, the 3.0-T scanner may
have an excellent positive predictive value profile across a
wide range of pre-test probabilities for IPH (> 13%). On the
other hand, the 1.5-T scanner shows a worse positive predic-
tive ability and can identify IPH in patients with a pre-test
probability >33%. The improved performance of the 3.0-T
scanner can be attributed to the reduced T2 and T2 of the
fibrous tissue in higher field strengths, which leads to better
discrimination between IPH and collagen-rich structure [31].
Although the specificity increases with higher field strengths,
the sensitivity follows the opposite trend, with a better pooled
value in the 1.5-T group (89% vs 77%). The potential reason
may be that the 3.0-T scanner can increase the susceptibility of
calcification and paramagnetic ferric iron in IPH. The more
pronounced susceptibility effect may lead to cancelation of the
signal enhancement with T1-weighted sequences, which may
alter hemorrhage quantification and/or detection and results in
a false negative [31]. Although both the 1.5-T and 3.0-T MRI
have high specificity and sensitivity for diagnosing IPH, we
recommend the 3.0-T scanner, as it detects more positive IPH.

MR sequence differences may also explain inconsistencies.
IPH imaging is mainly dependent on the T1 shortening effects
of methemoglobin [52], evaluated for instance on 2-D T1 fast-
spin echo sequence or 3-D T1 gradient-echo sequence or
magnetization-prepared RAGE MRI. As magnetization-
prepared RAGE imaging suppresses the signals from compo-
nents with a relatively long T1—such as fibrous tissue and the
lipid-rich necrotic core—it facilitates the image interpretation
through the hypointense appearance of the background and
may improve the signal-to-noise ratios and contrast-to-noise
ratios [31]. Moreover, the 3-D technique is inherently related
to higher signal-to-noise ratios and contrast-to-noise ratios,
better depicting the carotid vessel wall and the carotid IPH
[20, 31, 34]. Although a single TIWI could diagnose the met-
hemoglobin in IPH accurately in practice, multicontrast se-
quences (TOF, TIW, PDW, and T2W) are generally applied
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to distinguish the stage of IPH [39, 41]. In short, fresh IPH
shows an isointense signal on T2W/PDW images and a hy-
perintense signal on TIW and TOF images, while recent but
not fresh hemorrhage appears as a hyperintense signal on all
four combined sequences [41]. In addition, the use of TOF
images improves the ability to distinguish necrotic cores and
IPH, which may be more challenging with T1W images [53].
Although we cannot perform the relevant subgroup analysis,
we recommend a multiparameter MRI assessment.

Importantly, the present meta-analysis indicates that gender
and age may influence the diagnostic performance. Artery
calcification is related to gender and age [54]. Because plaque
calcifications are sensitive to the magnetic-susceptibility ef-
fect, heavy carotid plaque calcification in males and elder
people can significantly affect the diagnostic accuracy of
MRI [30, 41].

Limitations

First, we could not obtain the detailed data that could link IPH
to its exact clinical symptoms so that an index of clinical
importance could be generated and considered for a pooled
analysis. The answer to the question “What should be used as
the reference standard?” may vary according to whether the
purpose is to detect [IPH—in which case, the histology would
be the gold standard—or to stratify risk, in which case, the
gold standard is long-term follow-ups. Two meta-analyses
have addressed the predictive power of MRI-detected IPH
for clinical events, which showed different hazard ratios [48,
55]. This difference could be in part related due to different
field strengths. Saam et al reported a hazard ratio of 5.69 by
analyzing eight studies based on 1.5-T scanners [48], while
Gupta et al concluded a hazard ratio 0f4.59 from six 1.5-T and
one 3.0-T scanner studies [55]. It should be noted that, by far,
the majority of studies on IPH have been performed in a sam-
ple of selected patient. Population-based evidence for an as-
sociation of IPH with the risk of a first stroke remains limited.
In the future, the results of MRI-detected IPH from
population-based cohorts would significantly contribute to de-
termining the predictive clinical value of IPH for first strokes.
Second, all these studies had single-center designs and low
sample sizes. This raises concerns about the generalizability
of our results for actual clinical practice settings, where vari-
ation in operator performance and data-acquisition protocols
may produce less-remarkable results than those presented in
the pooled analysis. A sensitivity analysis was performed to
test if the pooled results were sensitive to the restrictions on
the data. After the exclusion of subsequent studies published
from a single academic center with a low sample size, the
results showed no change in sensitivity or specificity. Third,
the amount of unstable plaques in asymptomatic patients was
unclear due to a lack of relevant information in many articles.
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Finally, we cannot evaluate the impact of smoking, hypercho-
lesterolemia, hypertension, and diabetes on the diagnostic ac-
curacy due to the limited data.

Conclusion

Our analysis suggests that non-invasive MRI has an excellent
specificity and a good sensitivity for diagnosing IPH. MRI is a
tool for confirming or ruling out carotid atherosclerotic IPH.
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