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Patients Following ST-Elevation Myocardial
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Imaging
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Background: Intramyocardial hemorrhage (IMH) following ST-elevation myocardial infarction (STEMI) is associated with
poor prognosis. In cardiac magnetic resonance (MR), T2* mapping is the reference standard for detecting IMH while car-
diac diffusion tensor imaging (cDTI) can characterize myocardial architecture via fractional anisotropy (FA) and mean diffu-
sivity (MD) of water molecules. The value of cDTl in the detection of IMH is not currently known.

Hypothesis: cDTI can detect IMH post-STEMI.

Study Type: Prospective.

Subjects: A total of 50 patients (20% female) scanned at 1-week (V1) and 3-month (V2) post-STEMI.

Field Strength/Sequence: A 3.0 T; inversion-recovery T1-weighted-imaging, multigradient-echo T2* mapping, spin-
echo cDTI.

Assessment: T2* maps were analyzed to detect IMH (defined as areas with T2* < 20 msec within areas of infarction). cDTI
images were co-registered to produce averaged diffusion-weighted-images (DWIs), MD, and FA maps; hypointense areas
were manually planimetered for IMH quantification.

Statistics: On averaged DWI, the presence of hypointense signal in areas matching IMH on T2* maps constituted to true-
positive detection of iron. Independent samples t-tests were used to compare regional cDTI values. Results were consid-
ered statistically significant at P < 0.05.

Results: At V1, 24 patients had IMH on T2*. On averaged DWI, all 24 patients had hypointense signal in matching areas.
IMH size derived using averaged-DWI was nonsignificantly greater than from T2* (2.0 + 1.0 cm? vs 1.89 + 0.96 cm?,
P = 0.69). Compared to surrounding infarcted myocardium, MD was significantly reduced (1.29 + 0.20 x 10~3 mm?%/sec vs
1.75 £ 0.16 x 1073 mm?/sec) and FA was significantly increased (0.40 + 0.07 vs 0.23 + 0.03) within areas of IMH. By V2,
all 24 patients with acute IMH continued to have hypointense signals on averaged-DWI in the affected area. T2* detected
IMH in 96% of these patients. Overall, averaged-DWI had 100% sensitivity and 96% specificity for the detection of IMH.
Data Conclusion: This study demonstrates that the parameters MD and FA are susceptible to the paramagnetic properties
of iron, enabling cDTI to detect IMH.

Evidence Level: 1

Technical Efficacy: Stage 2
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dvancements in primary percutaneous coronary
intervention (PPCI) have improved outcomes following
infarction (STEMI);

microvascular obstruction (MVO) as detected by cardiac

ST-elevation myocardial however,
magnetic resonance (MR), occurs in approximately 50% of
patients following reperfusion and is associated with worse
prognosis." Reperfusion of severely ischemic myocardium can
lead to intramyocardial hemorrhage (IMH) within areas of
MVO by extravasation of red blood cells through damaged
endothelial walls. The paramagnetic properties and magnetic
susceptibility effects of hemosiderin—a breakdown product
of red blood cells—can shorten T2 and T2* relaxation times
on MR imaging.2 On T2-weighted (T2W) imaging, IMH is
typically characterized as hypointense regions surrounded by
edema (bright signal), a finding that has been corroborated
against histology.” On T2* mapping, regions with relaxation
times <20 msec indicate the presence of iron.* Acute IMH
and the presence of residual iron in chronic infarct segments
following STEMI are associated with increased risk of adverse
LV remodeling and ventricular arrhythmia,z’S

Cardiac diffusion tensor imaging (cDTI) is sensitive to
the random motion of water molecules and can measure the
mean diffusivity (MD) and the fractional anisotropy (FA) of
diffusion within the myocardium. These measurements allow
characterization of edema and scar, as well as detecting irre-
versible injury to microstructural components following
STEML®” ¢DTI is intrinsically T2 weighted, thus the
obtained images are also susceptible to the paramagnetic
properties of hemosiderin. In diffusion-weighted imaging
(DW1) of the brain, previous studies have shown iron deposi-
tion to have a substantial impact on regional MD and FA
values.®

In the present study, we hypothesized that cDTI could
also depict areas of IMH and residual iron in the heart fol-
lowing STEMI.

Methods

Patient Recruitment

The study protocol was approved by the institutional research
ethics committee and complied with the Declaration of Hel-
sinki (NIHR 33963, REC 17/YH/0062). Patients with a first
STEMI were prospectively recruited from a single center
between 2019 and 2020 and underwent serial cardiac MR at
1 week and 3 months following their index presentation.
Study inclusion criteria were 1) acute STEMI as defined by
current international guidelines,9 2) revascularization via
PPCI within 12 hours after onset of symptoms, and 3) no
contraindications to cardiac MR. Exclusion criteria were 1)
previous revascularization procedure (coronary artery bypass
grafting or PPCI), 2) known cardiomyopathy, 3) severe valvu-
lar heart disease, 4) atrial fibrillation, and 5) hemodynamic
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instability lasting longer than 24 hours following PCI. Acute
clinical management followed contemporary guidelines.
Cardiac MRI examinations were performed on a 3.0 T
Philips Achieva TX system (Philips, Best, The Netherlands)
equipped with a 32-channel cardiac phased array receiver coil,
MultiTransmit technology and high-performance gradients
with Gmax = 80mT/m and slew rate = 100 mT/m/msec.

Scan Protocol

The protocol included a full LV contiguous stack of cine
imaging and late gadolinium enhanced (LGE) imaging, three
matching short-axis slices (base, mid, and apex) for <DTI, T2
mapping and T2* mapping by acquiring the central three
slices of five parallel short-axis slices spaced equally from
mitral annulus to LV apical cap.m

MR Acquisition
Cine imaging was obtained using a balanced steady-state free
precession  (bSSFP)  pulse  sequence  (echo  time

[TE] 1.3 msece, repetition time [TR] 2.6 msec, flip angle
40°, and spatial resolution 1.6 x 2.0 x 10 mm). Modified
Look-Locker Imaging T1-mapping parameters were as fol-
lows: 5/3/0 acquisition, TE 2.1 msec, TR 0.82 sec, flip angle
20°, spatial resolution 0.91 x 0.91 x 8 mm, SENSE 2 accel-
eration, cardiac delay time 777 msec, as described previ-
ously.'" T2- and T2*-mapping was performed as previously
described.? In brief, a multiecho spin echo sequence, con-
sisting of 24 refocused spin echoes subdivided into six consec-
utive groups, with turbo factor 4, and a linear k-space order
for each group, was used to map T2. Imaging parameters
were acquisition matrix = 184 X 128, sensitivity encoding
(SENSE) factor = 2, partial Fourier factor (in ky) = 0.6,
TR/TE/echo spacing (msec) = 923/15/14, TSE shot
duration = 90 msec, echo spacing between refocused
echoes = 3.4 msec. T2* mapping was performed using mul-
tiecho gradient echo with similar imaging parameters as for
T2 mapping, except for, readout of (Echoes) k-space lines in
each shot with each line for a separate image on the T2*
decay curve (Echoes parameter), and this readout was
repeated with different phase encodings (TFE factor) times
every heartbeat (TFE factor) over (TFE shots) heartbeats
(TFE shots). TR/TE1/echo spacing (msec) 15/2.3/2.2, black-
blood preparation pulse delay 420 msec, breath-hold 15 sec-
onds per slice, shot duration 148 msec, flip angle 20°, spatial
resolution 1.8 x 1.8 X 8 mm. LGE imaging was performed
at 10-15 minutes postcontrast (inversion recovery-prepared
T1-weighted gradient echo, inversion time according to
Look-Locker scout, TR 3.7 msec, TE 2.0 msec, flip angle
25°, spatial resolution 1.75 x 1.75 X 8 mm).

DTI Acquisition
DTI data were acquired using ECG-gated second-order motion-
compensated single-shot spin echo planar imaging sequence'”
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with respiratory navigator slice tracking: (TE/TR = 89 msec/3RR
90°, FOV = 238 x 238 mm, matrix
size = 108 x 105, acquired in-plane resolution = 2.20 x
2.27mm?, thickness =
size = 1.7 x 1.7 x 8 mm’, 12 repetitions, sensitivity encoding
[SENSE] acceleration = 1.8). Each c¢DTI dataset comprised
18 noncollinear diffusion-weighted acquisitions with b-values of
100 sec/mm? (x3), 200 sec/mm? (x3), and 500 sec/mm? (x12).
Based on cine data, trigger delay was set individually for each

intervals, flip angle =

slice 8 mm, reconstructed voxel

patient to coincide with approximately 60% peak systole and the
center of k-space was approximately at 85% of peak systole.

Postprocessing

Cine, LGE and mapping sequences including T1, T2, and
T2* were analyzed using cvi42 software (Circle Cardiovascu-
lar Imaging Inc, Calgary, Canada) to derive left ventricular
volumes including end-diastolic volume (LVEDYV), left ven-
tricular ejection fraction (LVEF) and tissue characteristics
including infarct size, microvascular obstruction (MVO),
native T1, T2, and T2* values. T2 and T2* maps were cal-
culated using a maximum likelihood estimate fitting using the
reconstruction software on the scanner.'* On LGE images,
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the threshold used for identifying infarcted tissue was set to
5 SD above remote myocardial tissue signal intensity.'’
MVO was manually defined as dark zones within an area of
LGE at 15 minutes postcontrast administration.

Raw ¢DTI data were postprocessed by an investigator
(A.D., cardiologist with 3 years cardiac MR experience) blinded
to clinical data, using custom-built tools: these tools—based on
MATLAB’s (MathWorks, MA, USA) built-in libraries—
fulfilled DICOM image and metadata reading, interactive
image rejection, image array operations including tensor fitting,
and manual myocardial delineation. All diffusion-weighted
(DW) images were co-registered via a mutual-information-
based, multiresolution, affine scheme using the elastix tool-
box.'"® Quality control (QC) was undertaken by visual
assessment by a second investigator (C.K., MR research fellow,
3 years cardiac MR experience) who was blinded from clinical
data—this involved subjectively identifying DW images
corrupted by artefact (unsuppressed fat, signal loss and visually
appreciable suboptimal signal-to-noise ratio [SNR]) or failed
registration and omitting them from further processing. After
data rejection, 10 + 2 diffusion-weighted repetitions were avail-
able per diffusion gradient orientation for the construction of

TABLE 1. Baseline Demographics
All MVO at Acute No MVO at Acute
Demographics Patients (z = 50) Scan (2 = 25) Scan (2 = 25) P value
Age 60 + 10 60 + 11 60 £+ 10 0.96
Male 40 (80) 22 (88) 18 (72) 0.94
BSA (m?) 1.9 £0.1 1.9+0.2 2.0£0.1 0.47
Current smoker 15 (30) 6 (24) 9 (36) 0.90
Diabetes mellitus 4 (8) 2 (8) 2 (8) 1.00
Hypertension 13 (26) 8 (32) 5 (20) 0.85
Family history 20 (40) 10 (40) 10 (40) 1.00
Infarct characteristics
Pain to balloon time 246 + 188 252 £ 169 240 £+ 207 0.86
(minutes)
TIMI flow pre-PPCI 0.2£0.7 0.0 £ 0.0 0.4 +0.9 0.03
TIMI flow post-PPCI 3.0£0.2 29+03 3.0£0.0 0.16
Culprit artery
Left anterior descending 18 (36) 12 (48) 6 (24) 0.57
artery
Left circumflex artery 9 (18) 5 (20) 4 (16) 0.99
Right coronary artery 22 (44) 8 (32) 14 (68) 0.65
Continuous variables are represented as mean &= SD and categorical variables are represented as 7 (%), PPCI, primary percutaneous cor-
onary intervention; TIMI, thrombolysis in myocardial infarction.
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Cardiac MR Measurements
LVEDV index (mL/m?)
Acute scan
3-month scan
LVEF (%)
Acute scan
3-month scan
Infarct mass (g)
Acute scan
3-month scan
MVO
Mass at acute scan (g)
Persistent at 3-month scan
Size at 3-month scan (g)
T2* mapping
Presence of IMH at acute scan

T2* within IMH at acute scan
(msec)

Area of IMH at acute scan (cm?)
Persistent at 3-month scan
Diffusion tensor imaging
Acute scan
Remote MD (x10> mm?/sec)
Infarct MD (x 10> mm?/sec)
Remote FA
Infarct FA
Hypointense signal within infarct
Area of hypointense signal (cm?)

MD within hypointense signal
(x107 mm?*/sec)

FA within hypointense signal
3 month scan

Remote MD at 3 months
(x107> mm?*/sec)

Infarct MD at 3 months
(x1072 mm?*/sec)

Remote FA at 3 months

Infarct FA at 3 months
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TABLE 2. Results From Acute and 3-Month Scan

All
Patients

(n = 50)

80 £ 19
88 + 24"

43+9
48 + 10°

15 £ 11
10 £ 10°

2.0 £4.0
0 (0)*

24 (24)

22 (46)*

1.47 +0.08
1.72 £ 0.14
0.36 + 0.04
0.25 £ 0.04
25 (50)

1.47 £ 0.07

1.81 £ 0.14

0.35 £ 0.03
0.23 +0.03

MVO at Acute
Scan (z = 25)

83 £22
92 + 30°

37 £8
42 +11°

21 £ 11
15 + 10*

3.8 +4.9
0 (0)*

24 (96)
11.7 £ 3.7

1.89 £ 0.96
22 (96)*

1.50 £ 0.06
1.75 £ 0.16
0.35 +£0.03
0.23 £ 0.03
25 (100)
20=£1.0
1.29 £ 0.20

0.40 £ 0.07

1.47 £ 0.08"

1.86 + 0.14°

0.34 +£0.03 *
0.22 £ 0.03*

No MVO at Acute
Scan (z = 25)

77 £ 17
75+ 14

48+ 6
54 £ 5

8+6
5+4

1.45 4 0.08

1.69 £ 0.11

0.37 £ 0.04

0.26 =+ 0.04
0 (0)

1.46 £+ 0.06

1.76 £0.13

0.35 £ 0.03
0.23 £ 0.04

P value

0.17
0.03

<0.001
<0.001

<0.001
<0.001

<0.001

0.03
0.09
0.11
<0.01
<0.001

0.51

0.02

0.60
0.23
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TABLE 2. Continued

Cardiac MR Measurements
Persistence of hypointensity
Area of hypointense signal (cm?)

MD within hypointense signal
(X107 mm?*/sec)

FA within hypointense signal
Native T1 mapping
Acute scan
Remote T1 at acute scan (msec)
Infarct T1 at acute scan (msec)
T1 within IMH at acute scan (msec)

Cases with reduced T1 within IMH
(1, %)

3 month scan
Remote T1 at 3 months (msec)
Infarct T1 at 3 months (msec)

T1 within area of IMH at 3 months
(msec)

Cases with reduced T1 within IMH
(1, %)

T2 Mapping

Acute scan
Remote T2 at acute scan (msec)
Infarct T2 at acute scan (msec)
T2 within IMH at acute scan (msec)

Cases with reduced T2 within IMH
(n, %)

3 month scan
Remote T2 at 3 months (msec)
Infarct T2 at 3 months (msec)

T2 within area of IMH at 3 months
(msec)

Cases with reduced T2 within IMH
(n, %)

All
Patients

(n = 50)
23 (48)

1207 £ 68
1482 + 111

1190 £ 87°
1395 £ 92°

49 +7
54+9

49 £5°
53 £ 6°

Das et al.: Detection of Intramyocardial Iron Using cDTI

MVO at Acute
Scan (7 = 25)

23 (100)*
1.0 £0.33
1.35+£0.14

0.38 £ 0.06

1232 + 48

1486 + 72

1253 £ 143
8 (32%)

1231 £ 41°
1439 £ 72°
1348 + 194"

0 (0%)*

48 +7
57 &7
48 £ 12
16 (65%)

49 £5°
55 £ 6°
53 £ 8°

3 (13%)"

No MVO at Acute

Scan (n = 25)

1178 £ 45
1476 £ 135

1149 + 101
1348 + 89

506
51+6

48 £5
48 £5

P value

<0.001
0.77

<0.001
<0.001

0.60
0.11

0.44
0.03

Continuous variables are represented as mean &= SD and categorical variables are represented as 7 (%). For comparison, segmental MD
and FA values of healthy volunteers as previously published are as follows: MD: 1.47 + 0.08, FA: 0.38 & 0.03.° Departmental 3.0 T
scanner reference range for native T1 is 1190 £ 50 msec.
“Based on 23 patients who returned for 3-month scan.
LVEDV = left ventricle end-diastolic volume; LVEF =
IMH = intramyocardial hemorrhage; MD = mean diffusivity.

left ventricular ejection fraction; MVO = microvascular obstruction;
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averaged DW images and tensor calculation. This was inclusive
of base and mid slices only; apical data were excluded from the
study due to persistent data quality issues. In cases where DW
image rejection was inadequate for eliminating the effect of sig-
nal artifacts a further QC process was implemented whereby
affected American Heart Association (AHA) segments were
removed from quantification. Based on the registered data,
magnitude images were averaged across accepted repetitions,
according to diffusion direction and b-value. Diffusion tensors
were calculated using a linear least-squares approach and used
to derive MD and FA maps. Endo- and epicardial borders
were manually delineated based on the reconstructed low
diffusion-weighted data (b = 100 sec/ mm?).

Regions of interest (ROI) were manually planimetered
for the analysis of MD, FA, native T1, T2, and T2* on
corresponding maps. ROIs were manually drawn in accordance
with standards set by the European Association for Cardiovas-
cular Imaging,'” As recommended, ROIs were drawn on

greyscale maps to avoid bias. Very small ROIs (<20 pixels)
were avoided. ROIs were sampled away from endo- and epicar-
dial borders to avoid the effects of partial voluming. In the
acute scan, ROIs were drawn for each patient in areas of
MVO if present (dark zone within LGE), infarct (positive for
LGE, not inclusive of areas of MVO) and remote myocardium
(opposite infarct). These ROIs were then used as a visual refer-
ence for sampling ROIs from the follow-up scans, so that sam-
pling occurred from near-identical locations as the acute scan.
On T2* maps, an ROI with T2* < 20 msec was used
to define the presence of iron.'® If iron was detected on T2*
maps, the area was measured using manual planimetry, and
copied across to the patient’s cDTI, native T1 and T2 maps.
On averaged DW images, the visual presence of an area of
hypointense signal in the same region was defined as positive
detection of iron. On native T1 and T2 maps, a relative
reduction in relaxation times within this area compared to

surrounding infarct myocardium constituted to a positive

Patient A

Acute scan

3-month Scan

Patient B

Acute scan

3-month Scan

FIGURE 1: Patient A: Representative maps for a 63-year-old male who presented with anteroseptal ST-elevation myocardial infarction
(STEMI) and underwent primary percutaneous coronary intervention (PPCI) to his left anterior descending artery. In his acute scan, late
gadolinium enhanced (LGE) image demonstrates extensive transmural infarction of the mid septal wall with microvascular obstruction
(MVO). Native T1 and T2 relaxation times are increased in and around areas of infarction with a subtle area of hypointensity within the
infarct. This hypointensity is considerably more visually evident on T2* and averaged diffusion weighted (DW) images. T2* within this
area is <20 msec and is suggestive of the presence of iron from IMH. On MD mapping, values are relatively higher in and around
infarction than remote, however within the areas of MVO, MD values are significantly lower. On FA maps, values show the opposite
trend as MD. At the 3-month scan for the same patient, LGE shows transmural enhancement of the septal walls. Native T1 and T2
relaxation times remain increased in areas of infarction, suggesting there is on-going inflammation and edema. There is no longer any
visual evidence of MVO, nor any area of low relaxation times on native T1 and T2 maps within the infarct; however on the T2* and
averaged DW images, an area of hypointense signal within the infarct is still notable, indicating the presence of residual iron. MD remains
decreased, and FA remains increased within these areas of hypointense signal, however in the surrounding myocardium, MD remains
increased, and FA remains decreased in comparison to remote myocardium. Patient B: Representative maps of a 67-year-old male who
presented with inferior STEMI and PPCI to his right coronary artery. In his acute scan, LGE image demonstrates hyperenhancement of
the mid inferior wall with no evidence of MVO. Native T1 and T2 maps demonstrate hyperintense signals in and around areas of
infarction, however in comparison to patient A, there is no area of hypointense signal on native T1, T2, T2* maps or averaged DW
images. At 3 months, in the area of infarction, native T1 remains increased, however T2 relaxation times have decreased, signifying the
resolution of oedema. There is still no area of hypointense signal on T2* and averaged DW images. MD has decreased in and around the
areas of infarction, while there has been no notable serial change in FA.

1176 Volume 56, No. 4



detection of iron. This visual analysis was undertaken by
three separate observers to ensure agreement (A.D., C.K,, and
N.S.,—cardiologist with 2 years of cardiac MR experience).
Further assessment of interobserver reproducibility is shown
in the supplement (supplement Fig. S1).

Statistical Analysis

Statistical analyses were performed in IBM SPSS Statistics
21.0 (Armonk, New York). Normality was checked using the
Shapiro-Wilk test. Continuous variables are reported as
mean £ SD. Comparison between quantitative variables was
performed by independent-sample parametric (unpaired Stu-
dent’s #test) or nonparametric (Mann—Whitney) statistical
test as appropriate. For comparing results from initial and
repeated measurements, paired rtests and ANOVA with
Bonferroni post hoc comparisons were used. Comparison
between categorical data was performed using y* tests. Using
T2* mapping as the reference standard, the sensitivities of
cDTI, TI,

intramyocardial iron were assessed and the receiver operator

and T2 mapping for the detection of

characteristics (ROC) curves were plotted using the method
1.'” The Bland—Altman method was used to

assess the levels of agreement between cDTI and T2* map-

of DeLong et a

ping for estimating IMH size. All tests were assumed to be
statistically significant when P < 0.05.

Results

Baseline Characteristics and Visit 1 MR

Demographics of the 50 patients who completed the acute
scan at 5 £ 2 days are shown in Table 1. All patients under-
went PPCI with a mean pain-to-balloon time of
246 + 188 minutes and 45/50 patients (90%) had thrombol-
ysis in myocardial infarction (TIMI) flow of 0 at the begin-
ning of the procedure. TIMI 3 flow was restored in 48 of the
50 patients.

CARDIAC MR results are displayed in Table 2. Mean
acquisition time for cDTT was 13 & 5 minutes. On the acute
scan, LVEF was 43% =4 9% and the mean infarct size was
15 £+ 11 g. MD was significantly higher in infarct zones com-
pared to remote (MD,emoe = 1.48 £ 0.07 X 107> mm?/sec,
MDD firee = 1.72 £ 0.14 x 107> mm?/sec and FA was sig-
nificantly lower in infarct zones compared to remote
(FA emote = 0.36 £ 0.04, FA; prec = 0.25 £ 0.04). Represen-
tative maps are shown in Fig. 1.

Twenty-five patients (50%) had evidence of MVO on
LGE images. In this subgroup, on T2* maps, 24 had evidence
of IMH within their MVO (mean area 1.89 %+ 0.96 cm?, mean
T2* relaxadon time 11.7 £ 3.7 msec). The one patient with-
out IMH did have a hypointense region within the infarct on
T2* maps, but the relaxation time of this area was 22 msec,
just over the range for IMH. On averaged DW images, all
25 MVO patients had an area of hypointense signal within
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their MVO which matched the areas of IMH detected on T2*
maps. The mean area of hypointense signal within infarct mea-
sured using averaged DW images was nonsignificantly greater
than that detected by T2* mapping (2.0 + 1.0 cm? vs
1.89 4+ 0.96 cm?, P = 0.69). Bland—Altman plots comparing
the estimadon of IMH size using ¢cDTI and T2* mapping is
shown in Fig. 2. In the remaining 25 patients with no MVO
on LGE, 0 had evidence of IMH on T2* maps, 0 had areas of
hypointense signal within their infarcted myocardium on aver-
aged DW images, and 0 had areas of reduced relaxation times
within their infarcts on native T1 and T2 maps.

Differences Between Patients With and Without
IMH on Acute Scan

In the acute scan, patients with IMH tended to have higher
MD in their infarct myocardium surrounding the MVO than
patients without MVO although the difference was not statis-
tically significant (1.75 & 0.16 vs 1.69 & 0.11 x 107> mm?/
sec, P = 0.09). In patients with IMH, FA was significantly
lower in the infarct regions surrounding MVO than in infarct
segments of patients without MVO (0.23 £ 0.03 vs
0.26 £ 0.04). In the acute scan, there was no significant dif-
ference in native T1 and T2 in infarct segments between
patients with and without IMH (infarct Tlyi, v =
1486 &= 72 vs infarct Tlyihour mu 1476 £ 135 msec,
P = 0.77 and infarct T2, vy = 57 £ 7 vs infarct T
out IMH J1 £ 6 msec, P = 0.11) (Table 2).

Regional cDTI Changes Within Areas of IMH
With hypointense regions on averaged DW images, MD was

significantly reduced in comparison with surrounding
1.50
1.00 °
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% o ©
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© -0.50 ® »° 0®
[
- (]
< o
-1.00
______________ Y
-1.50
-2.00
o
2,50
Limits of agreement
Bias
Upper Lower
-0.17 cm? 0.80 -1.14

FIGURE 2: Comparison of IMH size estimation using T2* maps
and cDTI. Bland-Altman plots demonstrate excellent agreement
in the estimation of IMH size estimation using T2* and cardiac
diffusion tensor imaging (cDTI), with a nonsignificant (P = 0.69)
—0.17 cm? bias using T2* mapping. The central (thick) line
represents the bias and the dashed lines represent the 95%
limits of agreement. There was a —0.17 cm?.
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FIGURE 3: Regional variance in mean diffusivity (MD—panel a), fractional anisotropy (FA—panel b), native T1 (panel c), and T2 (panel
d). In patients with microvascular obstruction (MVO) during the acute scan; MD, native T1 and T2 were all higher in the infarct
myocardium than remote but significantly lower within the area of MVO compared to surrounding myocardium. By 3 months, this
phenomenon persists with MD despite the visual absence of MVO. Meanwhile, FA shows the opposite trend; FA within MVO was
significantly higher than surrounding infarcted myocardium in the acute scan, and this phenomenon also persisted at 3 months. On
native T1 and T2 maps at 3 months, there is no longer a significant difference in relaxation times between infarcted myocardium and

areas where there had been MVO on the acute scan.

infarcted myocardium (1.29 £ 0.20 X 107 mm?/sec vs
1.75 £ 0.16 x 107> mm?*/sec), while FA was significantly
increased within these hypointense regions in comparison
with surrounding infarcted myocardium (0.40 £ 0.07 vs
0.23 £ 0.03) as shown in Fig. 3.

Follow-Up MR at 3 Months

Forty-cight patients returned for their follow-up MR scan
which took place at 104 £ 14 days. Two patients declined to
participate in the follow-up scan. At the 3-month follow-up,
compared with acute scans, mean LVEF across the entire
cohort had significantly improved to 48 & 10%, and the
mean infarct size had significantly reduced to 10 £ 10 g,
across the entire cohort. Out of the 25 patients with IMH on
the acute scan, 23 returned for their 3-month scan. While
none of the patients had visual evidence of MVO on LGE
images; on averaged DW images, all 23 patients still had an
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area of hypointense signal within their infarct. T2* maps
detected the presence of iron in 22 out of these 23 patients
(96%) within these areas of hypointense signal. T2* had sig-
nificantly increased between acute and 3-month scan within
these areas (T2%,., = 11.7 £ 3.7 msec, T2%3 onchs =
15.2 £ 3.8 msec), but there were no significant serial changes
in infarct MD (MD,e = 1.75 £ 0.16 x 107 mm?/sec,
MD3; months = 1.86 £ 0.14 x 10™° mm?/sec, P = 0.08) or
FA values (FA,cue = 0.23 £ 0.03, FA3 onhs = 0.22 £
0.03, P = 0.23) (Fig. 3).

Differences Between Patients With and Without
IMH at 3 Months

Patients with persistently low T2* at 3 months had signifi-
cantly higher MD, native T1 and T2 relaxation times in their
infarct myocardium than patients without (MD 1.86 £ 0.14
vs  1.76+0.13 x 107 T1:

2 .
mm-~/sec, native
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FIGURE 4: On averaged diffusion-weighted (DW) images,
patients who had an area of hypointense signal within their
infarct experienced significantly greater increase in left
ventricular end diastolic volume (LVEDV) over 3 months than
patients who did not (19% vs 2%, P < 0.001).

1486 + 72 msec vs 1348 £ 89 msec, T2: 55 £ 6 msec vs
48 + 5 msec). In addition, patients with persistently low T2*
also had significantly higher native T1 in their remote seg-
ments at 3 months than patients without persistent iron
(1231 £+ 41 msec vs 1140 4+ 101 msec) Remote T2 at
3 months did not differ significantly between the two groups
(IMH+ 49 + 5 vs IMH— 48 £ 5, P = 0.44). Patients with
hypointense signals within the infarct on averaged DW
images on the acute scan experienced significantly greater
increase in LVEDV by 3 months compared to patients with-
out (19% vs 2%) (Fig. 4).

Comparison of Sequences for the Detection of Iron
ROC curves for native T1, T2 maps and averaged DW
images to detect IMH/residual iron as defined by T2* map-
ping is shown in Fig. 5. Across the 98 studies (50 acute,
48 at 3 months), DW images had higher area under curve
(AUC) than native T1 (0.981 vs 0.587) and T2 mapping
(0.981 vs 0.638) for the detection of IMH/residual iron.

Impact of Reduced SNR on cDTI Parameters

In order to explore possible explanations for increased MD
and reduced FA within areas of hemorrhage, simulation
experiments were undertaken to assess the impact of reduced
SNR on ¢DTI parameters. The results are shown in supple-
ment Fig. S2.
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Discussion

Our results demonstrated that 1) compared with parametric
mapping sequences, averaged DW images had superior sensi-
tivity and specificity for the detection of IMH (as defined by
T2%*) on both acute and 3-month cardiac MR scans post-
STEMI and 2) persistence of iron at 3 months detected by
cDTI was associated with increased LVEDV, as well as
increased T1 relaxation times in remote segments.

In the acute scans, MD and FA in remote myocardium
matched previously reported values in healthy volunteers
using spin echo DTL?" All patients with evidence of IMH on
T2* mapping had areas of hypointense signals within their
infarct on averaged DW images. In the one subject with a
“false positive” detection of IMH on averaged DW images,
T2* was only marginally outside the category for IMH, indi-
cating that there may have been a degree of hemorrhage but
below the defined threshold. By 3 months, all patients with
acute MVO had lost the visual appearance of MVO on LGE,
however on averaged DW images, areas of hypointense signal
within the infarct were seen in all of these patients. T2* relax-
ation times were significantly decreased in these areas
(<20 msec) in most of the patients (96%), indicating the
presence of residual iron. Therefore, our findings suggest that
on averaged DW images, the presence of hypointense signal
within chronic infarct segments is strongly suggestive of resid-
ual iron and is a remnant of severe ischemic injury in
the past.

Previous studies have suggested that the deposition of
crystalized iron in the myocardium carries a pro-inflammatory
burden; hence, myocardial segments with IMH can remain

1.0
Source of the
Curve
= DW Images
0.8 === T2 mapping
2 T1 mapping
=== Reference Line
E. 0.6
2
=
7}
c
3
9 0.4
0.2
0.0 - T T T T T
0.0 0.2 0.4 06 0.8 1.0
1 - Specificity
FIGURE 5: Receiver operator characteristics curves

demonstrating the ability of averaged diffusion-weighted
(DW) images, T2 and native T1 maps to detect IMH as defined
by T2*mapping, across 98 studies (50 acute and 48 3-month
scans). The blue line represents averaged DW images (area
under curve [AUC] 0.981), the green line represents T2 maps
(AUC 0.638), and the yellow line represents native T1 maps
(AUC 0.587).
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inflamed for up to 6 months, which in itself is associated with
adverse long-term adverse outcomes including LV remo-
deling.”**7 In keeping with this, patients in our study with
residual iron (defined using T2*) at 3 months also had signif-
icantly higher MD, native T1 and T2 relaxation times in
their infarct regions than patients without residual iron, prob-
ably signifying on-going inflammation.”” These patients also
experienced a significantly greater increase in their LVEDV
over the 3 months than patients without residual iron. Fur-
thermore, they had significantly higher native T1 relaxation
times in remote segments, which could signify diffuse intersti-
tial remodeling.”® Therefore, the ability to detect the presence
of iron at both an acute and chronic stage undetlines a
prognostically relevant, clinical utility of ¢DTI, although a
greater duration of follow-up is required to assess long-term
outcomes.

In keeping with findings from diffusion weighted imag-
ing of the brain,® our results also showed a decrease in esti-
mated MD and an increase in estimated FA in areas of
hemorrhage. The underlying mechanisms are thought to
relate to the MR signal dephasing from magnetic inhomoge-
neities induced by local iron deposition. As a paramagnetic
substance, hemosiderin causes variations in magnetic suscepti-
bility on a microscopic scale, and this impacts the strength of
the effective diffusion gradient. Interactions between the local
gradients induced by iron oxide particles and the applied
diffusion-weighting gradients have the net effect of increasing
the diffusion-weighted signal, and reducing the apparent dif-
fusivity.” Furthermore, shorter T2 within the MVO reduces
SNR and could result in an overestimation of the primary
eigenvalue and an underestimation of tertiary eigenvalue due
to eigenvalue repulsion..’””" As results from our simulation
experiments show, this may contribute to an overestimation
of FA but is unlikely to be the sole factor.

This finding has important implications; the influence
of local iron deposition on diffusion measurements must be
taken into consideration in the interpretation of diffusion
data. When undertaking global and segmental analysis, the
presence of iron can affect the overall average MD and
FA. The use of ROI analysis approach can overcome this lim-
itation, and we recommend this method for more accurate
estimation of MD and FA in cases where iron may be pre-
sent. Interpreting and quantifying the regional effect of iron
on other DTT parameters such as helix angle and secondary
eigenvectors is challenging. This is because unlike MD and
FA, helix angle and secondary eigenvector values vary trans-
murally across the myocardium in healthy subjects. Due to
this expected spatial inhomogeneity, it is challenging to define
the “normal range” for a specific region within the myocar-
dium, making ROI analysis unfeasible.

In conventional cardiac MR, spin echo sequences gener-
ally produce better image quality than gradient echo
sequences. However, owing to the longer relaxation times
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required, gradient echo sequences are more sensitive to the
presence of magnetic field inhomogeneities from iron, and
hence are better suited for T2* mapping. In DTI, the appli-
cation of diffusion encoding gradients makes spin echo more
susceptible to the paramagnetic properties of iron due to the
reasons discussed earlier, hence when comparing with native
T1 and T2 mapping, DTT had better sensitivity and specific-
ity for the detection of iron in our results. While previous
studies have already demonstrated the capability of DTI to

. . . 6,
characterize myocardial microstructure, 7

something not pos-
sible with T2* imaging; results from this study highlight an
additional clinical utility of DTT in detecting the presence of
iron following STEMI, which is known to increase the risk of

developing adverse remodeling and ventricular arrhythmia. >

Limitations

Recruiting patients following STEMI for complex acute and
longitudinal imaging is challenging and the study sample size
is therefore relatively small, but in keeping with similar stud-
ies.”> Conclusions drawn from this study are based on corre-
lations with published evidence and other cardiac MRI
markers such as T2%, whereas validation with histological
specimens would be preferable. The presence of susceptibility
artefacts on T2* maps may confound appropriate detection
of IMH. Historic T2* validation and thresholds were derived
using 1.5 T scanners,” while the present study was performed
on a 3.0 T scanner. More recent comparative studies, how-
ever, have demonstrated that T2* on 3.0 T scanners show

. . 21
close association with 1.5 T scanners.

Conclusion

This study has shown that on DWI, the presence of
hypointense signal within infarcted myocardium is suggestive
of intramyocardial iron. Compared with native T1 and T2
maps, DWI provide superior contrast for the detection of
intramyocardial iron; however, cDTI parameters such as MD
and FA are affected by the paramagnetic susceptibility effects
of iron; hence, caution is required in the interpretation of seg-
mentally averaged ¢cDTT data in segments where iron may be
present.

Acknowledgments

The authors thank the clinical staff of the CMR department
at Leeds General Infirmary and the research nurses of Leeds
Institute of Cardiovascular and Metabolic Medicine, Univer-
sity of Leeds, for their assistance in recruiting, scanning and
collecting data for this study. Dr Das is a PhD student at the
University of Leeds and is funded by Heart Research UK
(RG2668/18/20). Prof Sven Plein is funded by a British
Heart Chair  (CH/16/2/32089).  A/Prof

Foundation

Volume 56, No. 4



Dall’Armellina received funding from BHF Intermediate
Clinical Research Fellowship (FS/13/71/30378).

Conflict of Interest

The authors have reported that they have no relationships rel-

evant to the contents of this paper to disclose.

References

1.

Van Kranenburg M, Magro M, Thiele H, et al. Prognostic value of
microvascular obstruction and infarct size, as measured by CMR in
STEMI patients. JACC Cardiovasc Imaging 2014;7(9):930-939.

Mather AN, Fairbairn TA, Ball SG, Greenwood JP, Plein S. Reperfusion
haemorrhage as determined by cardiovascular MRI is a predictor of
adverse left ventricular remodelling and markers of late arrhythmic risk.
Heart 2011;97(6):453-459.

Basso C, Corbetti F, Silva C, et al. Morphologic validation of reperfused
hemorrhagic myocardial infarction by cardiovascular magnetic reso-
nance. Am J Cardiol 2007;100(8):1322-1327.

Anderson LJ, Holden S, Davis B, et al. Cardiovascular T2-star (T2%)
magnetic resonance for the early diagnosis of myocardial iron overload.
Eur Heart J 2001;22:2171-2179.

Bulluck H, Rosmini S, Abdel-Gadir A, et al. Residual myocardial iron fol-
lowing intramyocardial hemorrhage during the convalescent phase of
reperfused ST-segment-elevation myocardial infarction and adverse
left ventricular remodeling. Circ Cardiovasc Imag 2016;9(10):e004940.

Moulin K, Viallon M, Romero W, et al. MRI of reperfused acute myocar-
dial infarction edema: ADC quantification versus T1 and T2 mapping.
Radiology 2020;295(3):542-549.

Das A, Kelly C, Teh I, et al. Acute microstructural changes after ST-
segment elevation myocardial infarction assessed with diffusion tensor
imaging. Radiology 2021;9:203208.

Xu X, Wang Q, Zhong J, Zhang M. Iron deposition influences the mea-
surement of water diffusion tensor in the human brain: A combined
analysis of diffusion and iron-induced phase changes. Neuroradiology
2015;57(11):1169-1178.

Fihn SD, Blankenship JC, Alexander KP, et al. 2014 ACC/-
AHA/AATS/PCNA/SCAI/STS focused update of the guideline for the
diagnosis and Management of Patients with Stable Ischemic Heart Dis-
ease. Circulation 2014;64(18):1929-1949.

Messroghli DR, Bainbridge GJ, Alfakih K, et al. Assessment of regional
left ventricular function: Accuracy and reproducibility of positioning
standard short-Axis sections in cardiac MR imaging. Radiology 2005;
235(1):229-236.

Kidambi A, Motwani M, Uddin A, et al. Myocardial extracellular volume
estimation by CMR predicts functional recovery following acute MI.
JACC Cardiovasc Imaging 2017;10(9):989-999.

Zaman A, Higgins DM, Motwani M, et al. Robust myocardial T 2 and T
2 * mapping at 3T using image-based shimming. J Magn Reson Imag-
ing 2015;41(4):1013-1020.

Stoeck CT, Von Deuster C, GeneT M, Atkinson D, Kozerke S. Second-
order motion-compensated spin echo diffusion tensor imaging of the
human heart. Magn Reson Med 2016;75(4):1669-1676.

Karlsen OT, Verhagen R, WMMJ B. Parameter estimation from Rician-
distributed data sets using a maximum likelihood estimator: Applica-
tion to t1 and perfusion measurements. Magn Reson Med [Internet]
1999;41(3):614-623.

Bulluck H, Hammond-Haley M, Weinmann S, Martinez-Macias R,
Hausenloy DJ. Mpyocardial infarct size by CMR in clinical

October 2022

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Das et al.: Detection of Intramyocardial Iron Using cDTI

cardioprotection studies: Insights from randomized controlled trials.
JACC Cardiovasc Imaging 2017;10(3):230-240.

Klein S, Staring M, Murphy K, Viergever MA, Pluim J. Elastix: A toolbox
for intensity-based medical image registration. |IEEE Trans Med Imag-
ing 2010;29(1):196-205.

Messroghli DR, Moon JC, Ferreira VM, et al. Clinical recommendations
for cardiovascular magnetic resonance mapping of T1, T2, T2 and
extracellular volume: A consensus statement by the Society for Cardio-
vascular Magnetic Resonance (SCMR) endorsed by the European Asso-
ciation for Cardiovascular Imaging. J Cardiovasc Magn Reson 2017;
19(1):75.

Alam MH, Auger D, McGill L-A, et al. Comparison of 3 T and 1.5 T for
T2* magnetic resonance of tissue iron. J Cardiovasc Magn Reson 2016;
18(1):40.

Delong ER, DeLong DM, Clarke-Pearson DL. Comparing the areas
under two or more correlated receiver operating characteristic curves:
A nonparametric approach. Biometrics 1988;44(3):837.

Das A, Chowdhary A, Kelly C, et al. Insight into myocardial microstruc-
ture of athletes and hypertrophic cardiomyopathy patients using diffu-
sion tensor imaging. J Magn Reson Imaging 2021;53(1):73-82.

Scott AD, Nielles-Vallespin S, Ferreira PF, et al. An in-vivo comparison
of stimulated-echo and motion compensated spin-echo sequences for
3 T diffusion tensor cardiovascular magnetic resonance at multiple car-
diac phases. J Cardiovasc Magn Reson 2018;20(1):1.

Wang G, Yang H-J, Kali A, et al. Influence of myocardial hemorrhage
on staging of Reperfused myocardial infarctions with T 2 cardiac mag-
netic resonance imaging: Insights into the dependence on infarction
Type with ex vivo validation. JACC Cardiovasc Imaging 2019;12(4):
693-703.

Carberry J, Carrick D, Haig C, et al. Persistent iron within the infarct
Core after ST-segment elevation myocardial infarction. Implications for
left ventricular remodeling and health outcomes. JACC Cardiovasc
Imaging 2018;11(9):1248-1256.

Romano S, Judd RM, Kim RJ, et al. Feature-tracking global longitudinal
strain predicts death in a multicenter population of patients with ische-
mic and nonischemic dilated cardiomyopathy incremental to ejection
fraction and late gadolinium enhancement. JACC Cardiovasc Imaging
2018;11(10):1419-1429.

Kali A, Cokic I, Tang R, et al. Persistent microvascular obstruction after
myocardial infarction culminates in the confluence of ferric iron oxide
crystals, Proinflammatory burden, and adverse remodeling. Circ Cardi-
ovasc Imaging 2016;9(11):e004996.

Carrick D, Haig C, Rauhalammi S, et al. Prognostic significance of
infarct core pathology revealed by quantitative non-contrast in compar-
ison with contrast cardiac magnetic resonance imaging in reperfused
ST-elevation myocardial infarction survivors. Eur Heart J 2016;37(13):
1044-1059.

Assimopoulos S, Shie N, Ramanan V, et al. Hemorrhage promotes
chronic adverse remodeling in acute myocardial infarction: A T1, T2
and BOLD study. NMR Biomed [Internet] 2021;34(1):e4404.

Haaf P, Garg P, Messroghli DR, Broadbent DA, Greenwood JP, Plein S.
Cardiac T1 mapping and extracellular volume (ECV) in clinical practice:
A comprehensive review. J Cardiovasc Magn Reson 2016;18(1):89.

Zhong J, Kennan RP, Gore JC. Effects of susceptibility variations on
NMR measurements of diffusion. J Magn Reson 1969;95(2):267-280.

Jones DK, Basser PJ. “Squashing peanuts and smashing pumpkins:
How noise distorts diffusion-weighted MR data. Magn Reson Med
2004;52(5):979-993.

McClymont D, Teh |, Schneider JE. The impact of signal-to-noise ratio,
diffusion-weighted directions and image resolution in cardiac diffusion
tensor imaging — Insights from the ex-vivo rat heart. J Cardiovasc Magn
Reson 2017;19(1):90.

1181



	 Detection of Intramyocardial Iron in Patients Following ST-Elevation Myocardial Infarction Using Cardiac Diffusion Tensor ...
	Methods
	Patient Recruitment
	Scan Protocol
	MR Acquisition
	DTI Acquisition
	Postprocessing
	Statistical Analysis

	Results
	Baseline Characteristics and Visit 1 MR
	Differences Between Patients With and Without IMH on Acute Scan
	Regional cDTI Changes Within Areas of IMH
	Follow-Up MR at 3Months
	Differences Between Patients With and Without IMH at 3Months
	Comparison of Sequences for the Detection of Iron
	Impact of Reduced SNR on cDTI Parameters

	Discussion
	Limitations
	Conclusion
	Acknowledgments
	Conflict of Interest
	References


