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a b s t r a c t
Background: Pompe disease (acid α-glucosidase deﬁciency) is one of several lysosomal storage diseases
amenable to treatment with enzyme replacement therapy (ERT). While echocardiography (echo) has been
the standard method to evaluate the cardiac response to ERT, cardiac magnetic resonance imaging (CMR)
has the advantage of a better tissue deﬁnition and characterization of myocardial ﬁbrosis. However, CMR for
Pompe disease is not frequently performed due to a high risk of sedation. We report the ﬁrst use of CMR in a
feasible protocol to quantify left ventricular (LV) mass, function, and the presence of myocardial ﬁbrosis in
the Pompe population.
Methods: Children with Pompe disease on ERT were assessed with transthoracic echo and CMR over a 3 year
period at a single institution. Echocardiography was performed using standard techniques without sedation.
CMR was performed using retrospectively gated and real-time imaging, with and without sedation. LV mass
indexed to body surface area (LVMI) and ejection fraction (EF) were measured by both echo and CMR, and
evaluated for change over time. Myocardial ﬁbrosis was assessed by CMR with delayed enhancement
imaging 5–10 min after gadolinium contrast using single shot inversion recovery sequences with inversion
time set to null the signal from normal myocardium.
Results: Seventeen CMR scans were successfully performed in 10 subjects with Pompe disease (median age at
ﬁrst CMR is 9 months, range 1–38 months, 80% male), with sedation only performed in 4 studies. There was a
median interval of 5 months (range 0–34 months) from the start of ERT to ﬁrst CMR (baseline). At baseline, the
median indexed LVMI by CMR (140.0 g/m2, range 43.8–334.0) tended to be lower than that assessed by echo
(median 204.0 g/m2, range 52.0–385.0), but did not reach statistical signiﬁcance. At baseline, CMR EF was similar
to that assessed by echo (55% vs. 55%). Overall, there was no signiﬁcant decrease in CMR measured LVMI over
time (CMR median LVMI at baseline 94 g/m2 (range 43.8–334) vs. CMR median at most recent study 44.5 g/m2
(range 34–303), p = 0.44). In 5 patients with serial CMR scans over time, LVMI decreased in 2, was similar in 2,
and increased in 1 patient with high sustained antibodies to exogenous enzyme. Delayed enhancement was
noted in only l separate patient who also had high sustained antibodies to exogenous enzyme.
Conclusion: CMR is an imaging tool that is feasible to use to serially follow LVMI and EF in children with Pompe
disease on ERT. Real-time imaging is adequate for quantiﬁcation purposes in these patients and minimizes the
need for sedation. Quantitative CMR LVMI is generally lower than echo derived LVMI. Delayed enhancement
appears to be a rare ﬁnding by CMR in Pompe disease. A further follow-up is necessary to better understand the
long term effects of ERT in infantile Pompe survivors, especially those with high sustained antibody titers or
advanced cardiac disease at treatment outset.
© 2010 Elsevier Inc. All rights reserved.

Abbreviations: CMR, cardiac magnetic resonance; CRIM, cross reactive immunologic
material; EF, ejection fraction; ERT, enzyme replacement therapy; LVMI, left ventricular
mass index; rhGAA, recombinant acid alpha-glucosidase; SSFP, steady state free
precession.
⁎ Corresponding author. Box 3090 DUMC, Division of Pediatric Cardiology, Durham,
NC 27710, USA. Fax: +1 919 681 7892.
E-mail address: piers.barker@duke.edu (P.C.A. Barker).
1096-7192/$ – see front matter © 2010 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymgme.2010.07.011

1. Introduction
Pompe disease (acid α-glucosidase deﬁciency, also known as
glycogen storage disease type II) is a progressive, debilitating disease
resulting from the accumulation of lysosomal glycogen, especially in
skeletal and myocardial cells. In the infantile form, patients are
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severely affected, with rapid progression of the disease, severe
functional limitations and rare survival beyond the ﬁrst year of life
[1–4]. A recombinant form of acid alpha-glucosidase (rhGAA) derived
from Chinese hamster ovary cells (CHO) was approved by the US FDA
and the European Union as the ﬁrst treatment for Pompe disease. This
was based on data from pivotal clinical trials in infants [5]. In the
largest comprehensive trial of 18 infants, enzyme replacement
therapy (ERT) with rhGAA dramatically extended survival and
reduced ventilator associated morbidity [5]. Several other clinical
trials of ERT with rhGAA have shown similar results [6–9].
Concomitant with the improved survival, there was a signiﬁcant
reduction in left ventricular (LV) hypertrophy as measured by
echocardiography (echo) [5,10] and electrocardiography [11] in
infantile patients on ERT. There have been reports of cardiac
arrhythmias which can be life threatening in treated infantile patients
[12], similar to adult patients with Fabry disease [13–15], who have
also been reported to have myocardial ﬁbrosis by cardiac magnetic
resonance imaging (CMR) [16–18]. CMR imaging, with its better
quantiﬁcation of left ventricular mass and ability to assess myocardial
ﬁbrosis, would be an ideal tool to serially follow Pompe patients.
However, CMR has not been routinely performed in this patient group
due to the high risk of anesthetic complications noted in infantile
Pompe disease [19,20] and the need for sedation for CMR studies. We
therefore report the ﬁrst feasibility experience and systematic
analysis of the use of CMR imaging in Pompe patients receiving ERT.
2. Methods
All children with infantile Pompe disease (deﬁned as infants with
hypotonia in the ﬁrst year of life, b1% activity of GAA on skin
ﬁbroblasts and cardiac hypertrophy) receiving ERT who underwent
both CMR and echo imaging from 2004 to 2007 at Duke University
Medical Center were included in this study. This study was part of a
broader single institutional study investigating cardiac structure and
function in infantile Pompe disease subjects receiving ERT enrolled in
various clinical trials. Results of CMR imaging were reviewed for type
of imaging sequence, measurement of left ventricular mass, function,
presence of myocardial ﬁbrosis as detected by delayed enhancement
and use of sedation. The results from the echo most closely coinciding
with the CMR scan were reviewed for left ventricular mass and
function. Patient demographic data were also collected, along with
data regarding the status of cross reactive immunologic material
(CRIM), and titers of anti-rhGAA antibodies. The study was approved
by the Duke University Medical Center Institutional Review Board and
a written informed consent was obtained from the parent/guardian of
the subject prior to participation.
2.1. Cardiac magnetic resonance imaging
Cardiac magnetic resonance imaging was performed using a 1.5
Tesla scanner (Siemens Medical Solutions; Erlangen, Germany).
Sedation was performed by a pediatric cardiac anesthesiologist if
necessary due to patient activity or clinical condition. Non-ECG gated
single shot steady-state free-precession (SSFP) “real-time” cine
imaging, retrospectively ECG gated segmented SSFP cine imaging, or
both were performed to assess wall thickness and function. Non-ECG
gated single shot SSFP “real-time” cine images were acquired using
previously validated methods [21]. Brieﬂy, an imaging matrix of
90 × 128, 200 × 140 mm FOV, 5 mm slice thickness with a 5 mm gap
and an 80° ﬂip angle were used to acquire a cine image with a
temporal resolution of 55–60 ms and a voxel size of 2.0 × 1.1 × 5 mm.
Retrospectively ECG gated segmented SSFP cine images were acquired
during free-breathing with multiple averages with an imaging matrix
of 92 × 128, 200 × 140 mm FOV resulting in a voxel size of
2.7 × 1.7 × 5 mm and a temporal resolution of approximately 30 ms.
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The ﬂip angle of 80° and the slice thickness of 5 mm with a 5 mm gap
were similar to real-time imaging.
The presence of delayed enhancement and myocardial ﬁbrosis was
evaluated using either inversion recovery single shot SSFP or
segmented gradient-echo sequences in multiple short axis and three
long axis views. The inversion time was set to null normal
myocardium, with sequences acquired approximately 5–10 min
after IV administration of 0.2 mMol/kg of gadolinium.
LV mass and ejection fraction (EF) were measured from the
interpolation of endocardial and epicardial contours from a stack of
short axis slices of the left ventricle, with inclusion of the trabeculations and mitral papillary muscles [22]. Echo LV mass was measured
using the area–length method [23]. For both techniques, results were
indexed to body surface area to produce the left ventricular mass
index (LVMI). Echo EF was calculated using the area–length method.
2.2. Statistical analysis
Data were described using standard summary statistics, including
median and range for continuous variables, and frequencies and
percentages for categorical variables. To evaluate CMR vs. echo
measurements of LVMI and systolic function, median LVMI and EF
as assessed by CMR were compared to those assessed by echo using
the Wilcoxon rank sum test for both the baseline and most recent
follow-up studies. To evaluate change in these parameters over the
treatment period, the Wilcoxon signed rank test was used to compare
LVMI and EF at baseline and most recent follow-up for the 5 patients
with a baseline study and at least one follow-up study. This was
performed for both echo and CMR measurements. The relationship
between anti-rhGAA antibody titers, and change in LVMI and delayed
enhancement was also described. All analyses were performed using
SAS version 9.1 (SAS Institute Inc. Cary, NC). All p-values are twotailed and a p-value of b 0.05 was considered statistically signiﬁcant.
3. Results
3.1. Patient characteristics
Patient characteristics are presented in Table 1. Ten subjects
(80% male) underwent a total of 17 CMR studies during the 3 year
study period. The median age at the start of ERT was 4 months
(range 1–10 months), with a median of 5 months elapsing until the
ﬁrst CMR (range 0–34 months). The median age at the ﬁrst CMR
study was 9 months (range 1–38 months).
3.2. Sedation for CMR
The ﬁrst 13 CMR studies were performed without sedation, while
sedation supervised by pediatric cardiac anesthesiologist was provided for the last 4 studies. Sedation for CMR was achieved in 3 of the
patients spontaneously breathing with low dose intravenous midazolam 0.1 mg/kg together with fentanyl 1 mcg/kg and 1 mg/kg
boluses of ketamine every 20–30 min. Nasal cannula oxygen was
supplied at 2 l/min. In one patient a tracheotomy was present and in
addition to the sedative medications prescribed above, sevoﬂurane
was administered at 0.4–0.8% in 50% oxygen via a CMR compatible
anesthetic delivery system. There were no complications during the
sedated or non-sedated CMR studies.
3.3. CMR vs. echo measurements
CMR and echo measurements of LVMI and EF are presented in
Table 2. CMR measurements of LVMI tended to be lower compared to
echo at both baseline and most recent studies, but this did not reach
statistical signiﬁcance. EF was similar by CMR and echo.
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Table 1
Patient characteristics.
Subject

Sex

Age (months), start of ERT

1
1
1
2
2
2
3
3
4
4
5
5
6
7
8
9
10

F

4

M

7

M

6

M

3

M

1

M
M
M
F
M

4
6
4
10
3

CMR, months post-ERT

CMR sedation

CMR technique

LVMI (gm/m2)

LV EF

DHE

CRIM status

7
9
13
15
26
47
1
2
6
36
0
20
34
2
3
1
31

No
No
No
No
No
Yes
No
No
No
Yes
No
Yes
No
No
No
No
Yes

ECG gated segmented
Single shot “real-time”
Single shot “real-time”
Single shot “real-time”
Single shot “real-time”
Both
Single shot “real-time”
Single shot “real-time”
Single shot “real-time”
Single shot “real-time”
Single shot “real-time”
Both
ECG gated segmented
ECG gated segmented
Single shot “real-time”
Single shot “real-time”
Both

135
180.6
179.6
51.2
57
44.5
334
303
43.8
43
94
34
47.0
252.2
180.6
324.4
145.0

25%
58%
55%
55%
57%
68%
18%
25%
55%
69%
73%
57%
60%
65%
29%
55%
73%

No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
No
Yes

Neg

Anti-rhGAA titer
400–25,600*

Pos

1600–25,600

Pos

800–25,600

Pos

200–1600

Pos

100–200

Pos
Pos
Pos
Pos
Neg

800–6400
b 100–400
800–3200
b 100–1600
800–204,800*

Legend: CMR = cardiac magnetic resonance; CRIM = cross reactive immunologic material; DHE = delayed hyperenhancement; EF = ejection fraction; ERT = enzyme replacement
therapy; LVMI = left ventricle mass indexed; Neg = CRIM negative; Pos = CRIM positive; * = sustained titer on ≥2 separate measurements.

3.4. Change in CMR and echo measurements over time
Five subjects underwent follow-up CMR and echo scans during the
study period (Table 3 and Fig. 1). Overall, there was no decrease in
CMR measured LVMI over time. Fig. 1 shows the change in LVMI over
time for each patient as assessed by CMR. Two subjects demonstrated
a decrease in LVMI, LVMI remained stable in 2 other subjects, and
increased in one CRIM negative subject. LVMI as assessed by echo was
unchanged from baseline to follow-up study. There was also no
signiﬁcant change in EF over time as assessed by either echo or CMR.
3.5. Anti-rhGAA titer, CRIM status and delayed enhancement
Anti-rhGAA titer range, CRIM status and presence of delayed
enhancement are shown in Table 1. Four subjects had a peak antirhGAA titer of 25,600, but in only 2 subjects was this elevation sustained
on 2 or more measurements separated by 4 week intervals. Both
subjects with sustained high anti-rhGAA titers were CRIM negative. One
of these subjects (subject 1) demonstrated the increase in LVMI despite
ERT, while the second (subject 10) was the single subject to
demonstrate delayed enhancement in the region of the basal to mid
anterior and anterolateral walls on CMR. None of the other subjects
demonstrated myocardial ﬁbrosis on delayed enhancement imaging. A
typical delayed enhancement image from this study, contrasted with
that from a patient with Fabry disease, is shown in Fig. 2.
4. Discussion
Prior to the development of enzyme replacement therapy, the
prognosis for children with infantile Pompe disease was uniformly
Table 2
CMR vs. echocardiographic measurements.

Baseline
Most recent

Baseline
Most recent

CMR LVMI (g/m2)

Echo LVMI (g/m2)

p-value

140.0 (43.8–334.0)
44.5 (34.0–303.0)

204.0 (52.0–385.0)
71.0 (46.0–286.0)

0.38
0.43

CMR EF (%)

Echo EF (%)

p-value

55 (18–73)
57 (25–69)

55 (25–84)
55 (16–60)

0.38
0.48

Baseline = all patients at time of ﬁrst study (n = 10).
Most recent = data from last study for those with serial studies (n = 5).
Data presented as median (range).
Legend: CMR = cardiac magnetic resonance; EF = ejection fraction; LVMI = left
ventricle mass indexed.

poor. However, the use of enzyme replacement therapy has improved
both the length and quality of life for some of these children [5,24],
and permitted the use of more sophisticated imaging tools to assess
the cardiac response to therapy.
For cardiac imaging, echocardiography has the advantage of
portability, high temporal resolution and real-time imaging. However,
transthoracic echocardiography is limited to available acoustic
windows, interference from bone/lungs that prevent good deﬁnition
of the endocardium/blood interface, and reliance on assumptions of
left ventricular geometry in the calculation of left ventricular mass. In
contrast, CMR achieves an excellent deﬁnition of the myocardium
distinct from the blood pool, with imaging windows optimized to
provide an image of the heart independent of thoracic/pulmonary
geometry. CMR images can be degraded by excessive respiratory
motion and a thin myocardium providing a lower signal to noise ratio,
and will have worse temporal resolution than pediatric echocardiography. For these reasons, sedation or anesthesia is frequently used in
young children to control respiratory gating and patient position
during the CMR study.
Sedation and anesthesia for children with infantile Pompe disease
have been shown to be associated with an increased risk for
perioperative cardiac arrhythmias, myocardial ischemia and sudden
intraoperative cardiac arrest [19,20]. The incidence of arrhythmias or
cardiopulmonary arrest in one series of 139 infantile onset Pompe
patients undergoing induction of anesthesia was 8% [20]. Death
resulting from arrhythmias in this recent series was associated with
an echo derived LVMI greater than 350 g/m2 [20], suggesting extreme
hypertrophic cardiomyopathy as the pathophysiologic basis for these
risks. These cardiac associated anesthetic risks are not only signiﬁcantly
higher in the untreated patient, but also present during the early phase
of recombinant enzyme therapy before the enzyme has affected
remodeling of the hypertrophic myocardium [19]. Anesthetic and
sedative agents administered to infantile Pompe patients may depress
myocardial contractility, lower diastolic blood pressure and sometimes
increase heart rate [19,20]. It has been found that a low diastolic blood
Table 3
Change in CMR and echo measurements over time (n = 5).

2

CMR LVMI (g/m )
Echo LVMI (g/m2)
CMR EF (%)
Echo EF (%)

Baseline

Most recent

p-value

94.0 (43.8–334.0)
69.9 (52.0–334.0)
55 (18–73)
51 (25–60)

44.5 (34.0–303.0)
71.0 (46.0–286.0)
57 (25–69)
55 (16–60)

0.44
1.0
0.44
0.69

Legend: CMR = cardiac magnetic resonance; EF = ejection fraction; LVMI = left
ventricle mass indexed.

P.C.A. Barker et al. / Molecular Genetics and Metabolism 101 (2010) 332–337

335

Fig. 1. Change in CMR LVMI over time. Data shown as months from baseline study for those with serial CMR scans (n = 5). Legend: CMR = cardiac magnetic resonance; LVMI = left
ventricular mass indexed.

pressure associated with tachycardia in this group of patients may be
associated with myocardial ischemia and the risk for arrhythmias
[19,20]. In patients with severe cardiac involvement associated with
Pompe disease, inadequate preload as a result of preoperative fasting or
decreased ventricular cavity volume in the child with signiﬁcant left
ventricular outﬂow obstruction, is also poorly tolerated and may lead to
myocardial ischemia [19,20]. Mechanical ventilation, even temporarily,
also poses a risk for these patients who may have a baseline respiratory
compromise. For these reasons, avoidance of deep sedation or
anesthesia is preferable. Based on our experience, a spontaneously
breathing sedation and anesthesia technique was used, as previously
described [19], with no complications.
This study demonstrates that non-ECG gated single shot SSFP “realtime” cine imaging provides adequate images for calculation of LV mass
and function in these patients. Anecdotally, we observed that
retrospectively ECG gated segmented SSFP cine imaging (without
breath-holding) also provided clinically adequate images due to the
shallower respiratory pattern in the free-breathing children limiting
respiratory artifact. In fact, this latter technique combined with careful
conscious sedation under the supervision of a pediatric cardiac
anesthesia team can be especially helpful in children with Pompe
disease who have survived with ERT to the age where they may be more
mobile and less cooperative, as were the sedated children in this study.
Analysis of all subject data demonstrates that some patients had a
decrease in LV mass with ERT, similar to prior echocardiographic
reports [3,5,10,24]. However, this was not a uniform ﬁnding and did

not reach statistical signiﬁcance, likely due to the wide range of LV
mass between subjects and the overall small number of subjects with
serial CMR studies (5 subjects total). One subject had a modest
increase in LV mass despite CMR over the study period, although this
subject was also CRIM negative. In general, LV mass as measured by
CMR was less than LV mass measured by echo, although again the
wide range of LV mass between subjects and small sample size limited
our analysis, such that these differences did not reach statistical
signiﬁcance.
Studies comparing left ventricular mass measurements by CMR to
cardiac weights measured at autopsy have shown that CMR is an
accurate method of measuring left ventricular mass with good intraobserver variability (r = 0.96, standard error of estimates = 11.1 g) and
inter-observer variability (r= 0.91, standard error of estimates = 17.8 g)
[25]. Several studies comparing left ventricular mass measurements by
CMR to echocardiography have revealed that echocardiography overestimates left ventricular mass in comparison to CMR and that
echocardiography has greater inter and intra-observer variability than
CMR [26,27]. These differences are greater in patients with abnormal left
ventricles such as patients with hypertrophic cardiomyopathy, similar to
the subjects in this study, which reinforces the potential beneﬁts of CMR
imaging for this patient group.
CMR also permits the assessment of ventricular ﬁbrosis by imaging
the heart approximately 10 min after the infusion of gadolinium
contrast [28]. Gadolinium, as an extracellular molecule, has limited
accumulation in a normal heart with closely spaced myocytes and a

Fig. 2. Representative short axis-images of the left ventricle in a patient with Fabry disease (A) and a patient with Pompe disease (B). Note the presence of delayed
hyperenhancement (DHE, arrow) in the mid-inferolateral wall of the Fabry patient and the absence of DHE in the Pompe patient.
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small extracellular volume of distribution. However, gadolinium will
accumulate in regions of myocardial injury, where there is cell
destruction, or myocardial ﬁbrosis where there is an increase in
interstitial tissue, both processes which increase the extracellular
volume of distribution. By imaging the heart later in time, taking
advantage of the difference in inversion recovery times between
gadolinium and normal myocardium, and minimizing the signal from
healthy myocardium, any region of ﬁbrosis will appear “enhanced” due
to greater signal intensity. This technique is particularly useful in
assessing myocardial viability, as it adds more information beyond
standard tissue characterization and wall motion abnormalities [29,30].
Different disease processes have been demonstrated to create
myocardial ﬁbrosis in different myocardial locations. As an example,
myocardial infarction due to coronary artery disease produces ﬁbrosis in
a subendocardial to transmural distribution [31]. In contrast, viral
myocarditis often produces a mid-myocardial defect [32], while Fabry
disease (α-galactosidase deﬁciency) produces mid-myocardial or
subepicardial defects in characteristic basal inferolateral locations
[33–35]. Patchy myocardial ﬁbrosis may also be seen in patients with
more typical hypertrophic cardiomyopathy and likely represents
pathologic ventricular remodeling in this group as well as Fabry
patients. The presence of myocardial ﬁbrosis has been proposed as a
risk factor for sudden death due to ventricular arrhythmias in the
hypertrophic cardiomyopathy [36] and Fabry populations, with myocardial ﬁbrosis present at autopsy [18].
As an example of tissue characterization by CMR, Fig. 2 demonstrates
the presence of delayed enhancement in a patient with Fabry disease
compared to one of our subjects with Pompe disease, in whom there is
no delayed enhancement. Since Pompe disease, as a lysosomal storage
disorder, is similar to Fabry disease but with more severe ventricular
hypertrophy, we would also expect these subjects to be at higher risk for
myocardial ﬁbrosis. However, only one subject had ﬁbrosis detected by
CMR, which is in contrast to the relatively common ﬁnding of delayed
enhancement in approximately 50% of patients with Fabry disease [34].
The presence of delayed enhancement in the Fabry population predicts a
poor response to ERT, with no signiﬁcant regression in LV mass in these
patients, while patients without delayed enhancement demonstrated a
signiﬁcant regression in LV mass and no progression to delayed
enhancement [34]. This dichotomy may help explain 2 recent reports
suggesting that ERT for Fabry disease does not produce a signiﬁcant
reduction in LV mass after 24 months of treatment, since the presence of
delayed enhancement was not assessed at the start or during either
study [37,38]. For our study, the relative lack of delayed enhancement
may be due to either the younger age and shorter follow-up time in the
Pompe population, as myocardial ﬁbrosis may be a cumulative process
and may be ameliorated by earlier ERT, or the higher dose of ERT used
for Pompe patients (20 mg/kg as compared to 1 mg/kg for Fabry
disease). Less likely, the difference in the presence of delayed
enhancement could be due to an unexpected difference between the
two disease processes.
Interestingly, myocardial T2 relaxation time has been reported to be
signiﬁcantly prolonged in patients with Fabry disease, with or without
LV hypertrophy, when compared to normal controls and patients with
hypertrophic cardiomyopathy unrelated to Fabry disease [16]. This
difference in T2 relaxation time has been attributed to changes in the
tissue water and lipid characteristics, with glycolipid deposition and
accumulation known to occur in cardiac myocytes [5,16,24]. Unfortunately this analysis was not included in the imaging protocol of our
study, but may be a fruitful avenue for further investigation.
One additional factor that may affect the individual response to ERT
is the cross reactive immunologic material status of patients (CRIM
positive or negative). In CRIM negative subjects there is no detectable
acid α-glucosidase activity, and therefore an immune response to
exogenous enzyme. These individuals mount a greater antibody
mediated immune response to ERT, with signiﬁcantly worse clinical
response to therapy [39]. Clinically, a sustained anti-rhGAA titer of

N12,800 has been suggested to lead to a poorer response to treatment
(Myozyme Package Insert, Genzyme Corporation)[40]. In the present
study, there was no correlation between peak anti-rhGAA antibody titer
and LV mass regression for either CRIM positive and negative patients.
However, subjects with high sustained anti-rhGAA titers (the 2 CRIM
negative subjects) had notable CMR differences on CMR compared to
the CRIM positive subjects. One CRIM negative subject had a paradoxical
increase in LV mass despite ERT, with a sustained titer of 25,600. The
other CRIM negative subject had an almost 10-fold higher sustained
antibody response (204,800) and was the single subject who demonstrated the presence of myocardial ﬁbrosis. While the number of CRIM
negative patients in this study is too small to draw more deﬁnitive
conclusions, these two ﬁndings concur with other studies suggesting a
worse clinical outcome in these patients [41]. Further investigation is
necessary into factors such as age and stage of disease at the start of ERT,
role of antibody titers and CRIM status. It is also possible that myocardial
ﬁbrosis formation represents a cumulative insult, which will require a
longer follow-up for it to be detected in these surviving patients.
4.1. Limitations
The major limitation of this study is the small sample size, which
reﬂects the relatively low incidence of Pompe disease for any center,
as well as our evolving clinical skill in the safe use of CMR in this
patient population. There is also a wide range of initial LV mass, a wide
range in age at diagnosis, a wide range of age at initiation of ERT,
variation in time to ﬁrst CMR after start of ERT, and variable timing of
CMR and echo studies. While children with Pompe disease on ERT
have signiﬁcantly improved survival, longer follow-up is necessary to
determine long term cardiac function and risks for ﬁbrosis.
5. Conclusions
CMR is a feasible and useful technique to longitudinally follow
children with Pompe disease and their myocardial response to enzyme
replacement therapy. As shown by others, CMR LV mass calculations
have the advantage of less reliance on echocardiographic windows,
better deﬁnition of the blood–myocardial interface and greater
reproducibility with less inter and intra-observer variability. Most
importantly, CMR can be performed safely with or even without
sedation in this high risk patient population. CMR also has the unique
ability to characterize tissue and detect myocardial ﬁbrosis, which
further increases its utility as a tool to longitudinally assess cardiac
status in patients with Pompe disease.
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