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Background: Diabetes mellitus affects more than a quarter of patients with thalassemia major (TM)
worldwide, and increases the risk for cardiac complications, contributing to significant morbidity. Pancreatic
iron overload (I0) and fat infiltration have been correlated with this endocrinal complication in adult TM
patients. It has been shown that in adult TM patients, iron accumulation and fat infiltration are found to
be heterogeneous in the pancreatic head, body, and tail region. R2* and a fat fraction (FF) generated by
gradient-echo imaging can be used as quantitative parameters to assess the iron and fat contents of the
pancreas. This study aimed to determine the pattern of pancreatic iron accumulation and fat infiltration in
pediatric TM patients with gradient-echo imaging and evaluate the association between pancreatic IO and
fat infiltration and glucose disturbances.

Methods: A total of 90 children with TM (10.7+3.1 years) were included. All patients underwent pancreatic
magnetic resonance imaging (MRI) using multi-echo gradient-echo sequences. IO was measured by R2*
relaxometry in 90 patients, and FF values were measured using iterative decomposition of water and fat with
echo asymmetry and the least-squares estimation IDEAL) method in 40 patients. R2* and FF were assessed
in the pancreatic head, body, and tail. The global R2* and global FF values were obtained by averaging the
respective values from the pancreatic head, body, and tail. The correlations between global R2*, global FE,
and fasting glucose were determined using Spearman’s correlation analysis. The Friedman test was used to
compare R2* and FF among different pancreatic regions. Receiver operating characteristic (ROC) analysis
was used to determine the performance of global R2* and global FF in discriminating impaired fasting
glucose from normal fasting glucose patients.

Results: The global R2* was positively correlated with the global FF in the pancreas (r=0.895, P<0.001).
No significant differences were found in R2* among the 3 regions of the pancreas (’=4.050, P=0.132), but
significant differences were found in FF among the 3 pancreatic regions (’=16.350, P<0.001). Both global
pancreatic R2* (r=0.408, P<0.001) and global FF (r=0.523, P=0.001) were positively correlated with fasting
glucose. ROC analysis showed that global pancreatic R2* and global FF had an area under the curve of 0.769
and 0.931 (both P<0.001), respectively, in discriminating between impaired and normal glucose function
patients.

Conclusions: Pediatric TM patients can have homogeneous iron siderosis and heterogeneous fat
infiltration in the pancreas as measured by gradient-echo imaging, both of which are risk factors for diabetes.
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Introduction

Transfusion-related iron overload (IO) is common in
patients with thalassemia major (TM) (1). It is known
that pancreatic IO can induce endocrinal complications
such as diabetes mellitus (DM) (2,3), which might be
caused by insulin deficiency resulting from the direct
toxic effect of excess iron in pancreatic beta cells (4). This
endocrinal complication is reported to affect 6.4-26.8%
of TM patients worldwide (1,5), and increases the risk of
cardiac complications, such as heart failure, hyperkinetic
arrhythmias, and myocardial fibrosis, contributing to
significant morbidity in TM patients (1,6,7). Early
application of chelation therapy is protective for DM
induced by pancreatic 10 (8). Moreover, pancreatic IO may
be an alternative predictor of cardiac IO in TM patients
(9,10). Thus, detection and monitoring of pancreatic iron
accumulation are necessary for the effective prevention
and treatment of potential DM in TM patients, and even
for effective prevention of cardiac complications in the
long term. Conventionally, iron burden assessment is
based on the serum ferritin test. Besides serum ferritin, the
evaluation of body IO by non-invasive magnetic resonance
imaging (MRI) using R2- (12) or R2*- (T2%) relaxometry
has been established clinically in recent years (11). It has
been reported that MRI can reliably measure hepatic (12,13),
cardiac (14,15), and pancreatic iron concentration (3)
in TM patients. It has also been shown that in adult TM
patients, iron accumulation is found to be heterogeneous
in the pancreatic head, body, and tail region (16). However,
whether iron is heterogeneously accumulated in different
pancreatic regions in pediatric TM patients remains
unknown.

In addition to iron accumulation, fat infiltration of the
pancreas has been previously reported in adult TM patients
with 10 (16,17). This fatty replacement of the pancreas is
commonly seen in adult TM patients with overt DM (17),
resulting from the progressive replacement of pancreatic
parenchyma by inert adipose tissue after pancreatic cells die
from the cytotoxic effects of iron (18,19). However, there
is little data on pancreatic fat infiltration in pediatric TM
patients. Only 3 teenage TM patients have been reported
with elevated fat fraction (FF) levels in the pancreas (20).
Pancreatic fat infiltration in pediatric TM patients and
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its association with glucose disturbances remains to be
assessed.

In this study, non-invasive MRI was performed in
pediatric TM patients to quantitatively measure pancreatic
10 and fat infiltration. The purpose of this study was to
determine the pattern of pancreatic iron accumulation and
fat infiltration in pediatric TM patients and to evaluate the
association between pancreatic 1O and fat infiltration, and
glucose disturbances.

Methods
Patients

Between May 2015 and January 2016, 99 consecutive
outpatient children with TM were enrolled. The
institutional review board approved this prospective
study of Sun Yat-sen Memorial Hospital of Sun Yat-sen
University (No: 2013-19). Written informed consent was
obtained from all patients or their parents. All patients
were diagnosed with TM by genetic analysis. Patients were
excluded if they were overweight, defined by body mass
index (BMI) exceeding the normal reference line (21),
or had a family history of diabetes. Two overweight
patients and 1 patient with a family history of diabetes were
excluded. Additionally, 6 patients with obvious motion
artifacts on MRI were also excluded. Finally, 90 children
(mean age, 10.7+3.1 years; age range 5.0-17.5 years)
consisting of 64 boys (mean age, 10.5£3.1 years; age range
5.0-17.0 years) and 26 girls (mean age, 11.3+3.0 years; age
range 6.0-17.5 years) were included in this study.

MRI protocol

All patients underwent pancreatic MRI. Pancreatic R2*
relaxometry was performed on a 1.5 T MR scanner (Intera,
Philips Medical Systems, Best, The Netherlands) with a
4-channel SENSE body coil. Pancreatic FF measurement
was performed on a 3.0 T MR scanner (Achieva, Philips
Medical Systems, Best, The Netherlands) with a 16-channel
SENSE torso coil. All patients underwent pancreatic
R2* measurements, and 40 of them underwent FF
measurements randomly. For pancreatic R2* relaxometry,
16-echo gradient-echo imaging was performed to measure

Quant Imaging Med Surg 2021;11(2):665-675 | http://dx.doi.org/10.21037/qims-20-292



Quantitative Imaging in Medicine and Surgery, Vol 11, No 2 February 2021 667

Figure 1 Axial pseudo-colorized images derived from T2* relaxometry scans in a 13-year-old female patient with thalassemia major.

Three different free-hand ROTs of 1-2 cm® were manually placed in the pancreas head (A), body (B), and tail (C), with a sufficient distance

maintained from gland boundaries and vascular structures. ROI, region of interest.

T2* values. This sequence was performed with the
additional application of chemically selective fat suppression
(CHESS), which takes advantage of the difference in
resonant frequencies between water and fat. The detailed
acquisition parameters were as follows: 2D acquisition, no
SENSE, voxel size 2.5x3.1x10 mm’, field-of-view (FOV)
400x200 mm’, repetition time (TR) 200 ms, echo times
(TE) ranging from 0.84 to 14.69 ms, ATE =0.92 ms, flip
angle 20°, single breath-hold of 16 seconds, number of
slices 3, set separately on the pancreatic head, body, and
tail level. For pancreatic FE, 6-echo gradient-echo imaging
was performed. The detailed acquisition parameters
were as follows: 2D acquisition, no SENSE, voxel size
1.8x1.8x8.0 mm®, FOV 290x188 mm’, TR 16 ms, TE
ranging from 1.4 to 3.9 ms, ATE =0.5 ms, flip angle 10°,
single breath-hold of 12 seconds, number of slices 3, set
separately on the pancreatic head, body, and tail level.

Image analysis

T2* values were computed using Thalassemia tools (a
plugin of CMRtools, Cardiovascular Imaging Solutions,
2012 version, London, UK). The value of T2* relaxation
time was derived with an equation of y=Ke™"™™’, where
K represents a constant, TE represents echo times, and
y represents the image signal intensity (15). A truncation
model was used to correct the bias caused by background
noise at long TEs and improve the curve fit (22). The
fitting quality of T2* measurements obtained by CMRtools
was recorded. FF maps were calculated using the iterative
decomposition of water and fat with echo asymmetry and
least-squares estimation (IDEAL) algorithm (23). Region
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of interests (ROI) were drawn on the FF maps using image
J software (NIH, Bethesda, MD) to measure the FF values.
For both T2* and FF measurements, an ROI of 1-2 cm’
was manually placed on the pancreas head, body, and tail,
respectively (Figure 1), as previously described (16). Only
clearly identified and demarcated pancreatic tissue was
considered for analysis. ROIs were drawn by 2 radiologists
independently (with 5 years and 3 years of experience with
abdominal MRI). The global R2* and global FF values
were obtained by averaging the respective values from the
pancreatic head, body, and tail. The T2* relaxation time was
transformed into reciprocal R2* according to the following
formula: R2* (s™) = 1,000/T2* (ms). A global pancreatic R2*
value <30 s™' was considered normal, 30 s <R2*<100 s™ was
considered mild IO, 100 s <R2*<400 s was considered
moderate 10, and R2*>400 s~ was considered severe 10 (24).
FF>0.065 was considered abnormal (25).

Laboratory tests

Laboratory tests were performed using blood samples
collected within 1 week before or after the MRI examination.
All 90 patients underwent serum ferritin, fasting blood
glucose (FBG), and fasting insulin tests. According
to the American Diabetes Association criteria (26),
patients were classified with normal glucose function if
they had FBG <5.6 mmol/L; impaired fasting glucose
(IFG) if FBG was between 5.6-6.9 mmol/L, and DM if
FBG >7.0 mmol/L. The homeostasis model assessment
(HOMA) indexes were also calculated according to the
following formulae: HOMA-f (beta cell function) (normal
range: 130-400%) = insulin x20/glucose-3.5 and HOMA-
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Table 1 Demographics of the 90 pediatric patients with thalassemia major.

Huang et al. Pancreatic iron and fat in pediatric TM

Group A" (n=74) Group B* (n=16) Z or o value P value
Age (years) 10.29+2.82 12.63+3.50 2.494 0.013
Gender, male/female 53/21 (72%:28%) 11/5 (69%:31%) 0.053% 0.818
BMI, kg/m’ 15.71+1.74 16.87+1.45 2.764 0.006
Initial transfusion time (months) 20.39+21.59 15.69+17.07 0.883 0.377
Transfusion duration (years) 8.27+2.84 10.97+4.05 2.765 0.006
Total blood input (L) 59.30+35.52 67.51+33.43 1.551 0.121
Initial chelation time (years) 4.72+2.72 4.97+2.98 0.345 0.730
Chelation duration (years) 5.34+2.97 7.59+4.44 1.594 0.111
SF (pg/L) 3401+1988 3580+2224 0.227 0.820
Fasting insulin (mU/L) 6.24+3.58 6.98+2.52 1.422 0.155
HOMA-B (%) 95.29+64.37 56.89+21.44 1.769 0.770
HOMA-IR 1.37+0.79 1.86+0.67 2.042 0.041

The continuous variables are reported as mean + SD, and categorical variables are reported as frequencies with percentage in
parentheses. 'Group A, patients with normal glucose function; *Group B, patients with impaired glucose function. 8 value. SD, standard
deviation; BMI, body mass index; SF, serum ferritin; FBG, fasting blood glucose; HOMA, homeostasis model assessment; IR, insulin

resistance.

IR (insulin resistance) (normal range: 0.8-1.6) =insulin x
glucose/22.5 (2).

Statistical analysis

Agreement in MRI evaluation between the 2 readers
was calculated using the intraclass correlation coefficient
(ICC). An ICC value >0.75 represented good to excellent
agreement. Data from the 2 readers was averaged for
analysis. The global R2*, global FF, and clinical parameters
between patients with elevated and normal fasting glucose
were compared using the Mann-Whitney U test or Chi-
square test. Box and whisker plots were used to display
the differences in the global pancreatic R2* and FF in
patients with normoglycemia versus patients with IFG. The
Friedman test was used to compare R2* and FF among the
3 different regions of the pancreas, and differences between
subgroups were determined using the paired Wilcoxon-
Mann-Whitney test. Scatter plots were generated to show
the correlations in R2* and FF among the 3 pancreatic
regions. Linear regression analysis was performed to further
test the relationship of R2* among the 3 different pancreas
regions in patients with mild to moderate pancreatic 10.
Correlations among the biochemical parameters, global
R2*, and global FF were determined using Spearman’s
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correlation analysis. Receiver operating characteristic (ROC)
analysis was used to determine the performance of global
pancreatic R2* and global FF for discrimination between
patients with normal and impaired glucose function.
The Youden index determined the optimal threshold. All
statistical analysis was performed in SPSS (version 13.0,
SPSS Inc., Chicago, IL). A two-sided P value of less than
0.05 was considered statistically significant.

Results
Patient demographics

The demographic data for all patients are summarized in
Table 1. Patients were assigned to 2 groups according to
FBG levels. A total of 74 out of 90 (82.2%) patients who
had normal glucose function were assigned to group A,
and the remaining 16 (17.8%) patients who had IFG were
assigned to group B. None of the patients had DM. A total
of 72 out of 90 (80%) patients had low HOMA-B levels,
and 36 of 90 (40%) patients had high HOMA-IR levels.
Significant differences were found in age, BMI, transfusion
duration, and HOMA-IR between the 2 groups (Tuble I).
Patients with IFG were older, had a higher BMI, and were
in a more severe insulin resistance state, compared to those
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Table 2 Agreements in R2* and FF evaluation between the 2 readers

Pancreatic head (95% Cl)

Pancreatic body (95% ClI)

Pancreatic tail (95% CI) Global (95% CI)

ICC for R2* 0.994 (0.991-0.996)

ICC for FF 0.926 (0.864-0.960)

0.987 (0.981-0.991)
0.914 (0.844-0.954)

0.983 (0.975-0.989) 0.998 (0.993-0.997)

0.838 (0.714-0.911) 0.984 (0.943-0.984)

FF, fat fraction; ICC, intraclass correlation coefficient; Cl, confidence interval.

Table 3 The R2* and FF values across the 3 regions of the pancreas.

2

Pancreatic head Pancreatic body Pancreatic tail X P value
R2*(s™) 189.50+158.30 189.34+146.19 194.64+156.91 4.050 0.132
FF* 0.12+0.11 0.12+0.09 0.13+0.10 16.350 <0.001

R2* and FF values are reported as mean + SD. 90 patients; 40 patients. FF, fat fraction; SD, standard deviation.

with normoglycemia.

R2* and FF

For the T2* measurement, the fitting quality obtained by
CMR tools was 0.994+0.004. For the R2* and FF evaluation,
the agreements between the 2 readers are shown in Table 2.
The R2* and FF values in the pancreatic head, body, and tail
are shown in Table 3. No significant differences were found
in R2* among the 3 pancreatic regions (y’=4.050, P=0.132).
However, significant differences were found in FF among
the 3 pancreatic regions (x’=16.350, P<0.001). Further
comparisons between subgroups showed that pancreatic FF
was similar between the head and body (Z=1.425, P=0.154),
but FF in the tail was significantly higher than in the head
(Z=3.663, P<0.001) and the body (Z=2.057, P=0.04). The
scatter plots (Figure 2) showed that significant correlations
were found in R2* between the pancreatic head, body,
and tail (r=0.930, 0.962, 0.967; all P<0.001), along with
significant correlations in FF between the pancreatic head,
body, and tail (r=0.876, 0.810, 0.913; all P<0.001). Linear
regression analysis showed a positive linear correlation in
R2* among the 3 different regions (R-squared=0.919, 0.869,
0.927; all P<0.001) in patients with mild to moderate 10.
The slopes were 0.942 (95% CI: 0.879-1.005), 0.945 (95%
CI: 0.862-1.027), and 0.992 (95% CI: 0.930-1.055) for
head-body, head-tail, and body-tail, respectively. In the 90
patients who underwent R2* relaxometry, 96.7% (87/90)
of patients had detectable pancreatic 10, 30.0% (27/90) of
patients had mild pancreatic 10, 55.6% (50/90) of patients
had moderate pancreatic 10, and 11.1% (10/90) of patients
had severe pancreatic 1O. In the 40 patients who underwent
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pancreatic FF measurement calculated using the IDEAL
algorithm, 60% (24/40) of patients had elevated global FF
levels. The youngest patient with elevated global FF levels
was 6 years old. In the 40 patients who underwent both R2*
relaxometry and FF measurements, the global pancreatic
FF was positively correlated with the global R2* (r=0.895,
P<0.001, Figure 3). A total of 38 out of 40 patients had
pancreatic 1O. Among the 38 patients with pancreatic 10,
24 (63%) patients had elevated global FF levels.

Association between the global pancreatic R2*, global FF,
and glucose metabolism

FBG was positively correlated with the global pancreatic
R2* (r=0.408, P<0.001) (Figure 4A4) and the global FF
(r=0.523, P=0.001) (Figure 4B). The global pancreatic
R2* and FF were significantly different between patients
with IFG and those with normoglycemia (Z=3.356, 3.333,
respectively, both P=0.001) (7able 4). The global R2* and
FF values were higher in patients with IFG than those with
normoglycemia (Figure 5).

ROC curves were calculated (Figure 6) for the global
pancreatic R2* and FF to discriminate patients with IFG
from those with normal glucose function. The global
pancreatic FF demonstrated good discriminatory power,
with an area under the curve (AUC) of 0.931 (95% CI:
0.851-1.011), and a sensitivity of 83.3% and specificity
of 88.2% at a cut-off level of 0.18 (P<0.001). The global
pancreatic R2* demonstrated medium discriminatory
power, with an AUC of 0.769 (95% CI: 0.610-0.927), and
a sensitivity of 75.0% and specificity of 75.7% at a cut-off
level of 215 s™ (P<0.001).
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Figure 2 Scatter plots of R2* and FF across the 3 different regions of the pancreas. (A) Correlations in R2* values across different regions
of the pancreas. Significant correlations were found in R2* values, with a correlation coefficient of 0.930 between the pancreatic head and
body (grey ring), 0.962 between the pancreatic head and tail (dark blue diamond), and 0.967 between the pancreatic body and tail (rose red
triangle), all with P<0.001. (B) Correlations in FF values across different regions of the pancreas. Significant correlations were found in FF
values, with a correlation coefficient of 0.876 between the pancreatic head and body (grey ring), 0.810 between the pancreatic head and tail
(dark blue diamond), and 0.913 between the pancreatic body and tail (rose red triangle), all with P<0.001. FF, fat fraction.

0.4

0.3 =
w
w
o
“S’J 0.2=
9]
j
I
o
0.1 =
0.065
0.0
0 s 200 400 600 800

Pancreatic R2* (s™)

Figure 3 Scatter plot of the global pancreatic R2* and FF. The
graph shows that the global pancreatic FF was positively correlated
with the global R2* (r=0.895, P<0.001). The vertical dashed line
represents the cut point of abnormal pancreatic R2* values. The
horizontal dashed line represents the cut point of the elevated FF
level. FE, fat fraction.

Discussion

Our study showed that in pediatric TM patients, iron
deposition in the pancreatic head, body, and tail showed
a trend from relatively homogenous distribution to
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heterogeneous distribution as IO increased. Fatty
replacement in the pancreas was heterogeneously
distributed among the 3 different pancreatic regions.
Furthermore, pancreatic fatty replacement correlated with
pancreatic 10. Both pancreatic iron accumulation and
fatty replacement as measured by gradient-echo imaging
were associated with fasting glucose, and demonstrated
an effective ability to discriminate between patients with
impaired glucose function and normoglycemia.

Pancreatic iron loading begins in early childhood in
TM patients (1,10,27). Excessive iron has a direct toxic
effect on pancreatic beta cells causing cell death, which
results in insulin deficiency and leads to the development
of DM in TM patients (4). When pancreatic cells die from
the cytotoxic effects of iron, the pancreatic parenchyma
is progressively replaced by inert adipose tissue (18,19).
Clinically, the serum ferritin test is routinely applied to
measure and monitor iron stores. However, this method is
not always reliable because inflammation and liver damage
can also increase serum ferritin levels (28). Moreover, the
serum ferritin test can reflect total body iron burden but not
the precise iron overload among different solid organs. MRI
R2* relaxometry can overcome this limitation, and has thus
emerged as the dominant non-invasive modality for tissue
iron quantification in clinical practice (11). It has been
shown that MRI can reliably measure iron deposition in
the heart, liver, and pancreas accurately via T2* relaxation
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Table 4 Comparison between pancreatic R2* and FF between groups with normal and impaired glucose function

Group A’ Group B* Z value P value
Pancreatic R2* (s')° 157.80+115.42 (n=74) 333.13+201.29 (n=16) 3.356 0.001
Pancreatic FF' 0.10+0.07 (n=34) 0.21+0.06 (n=6) 3.333 0.001

TGroup A, patients with normal glucose function; *Group B, patients with impaired fasting glucose; %90 patients; 40 patients. FF, fat
fraction.
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Figure 5 Box and whisker plots of the global pancreatic R2* (A) and FF (B) in group A (patients with normoglycemia) versus group B
(patients with IFG). Patents with IFG had higher global R2* and FF levels, compared to patients with normoglycemia (both P=0.001). FE,
fat fraction. IFG, impaired fasting glucose.

time measurement (3,13,15), and pancreatic R2* (1/T2%) fat content in multiple regions of the body, including the
is the strongest predictor of beta cell function in TM (3). pancreas on 1.5T and 3.0T MR scanners (20,23,29-31). It
The IDEAL algorithm has been widely used to calculate has been reported that fatty replacement of the pancreas
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between patients with IFG versus those with normoglycemia. The
global pancreatic FF demonstrated good discriminatory power
with an AUC of 0.931 (95% CI: 0.851-1.011) (P<0.001). The
global pancreatic R2* demonstrated medium discriminatory power
with an AUC of 0.769 (95% CI: 0.610-0.927) (P<0.001). FF, fat
fraction. IFG, impaired fasting glucose. AUC, area under the

curve.

is more commonly seen in adult TM patients with overt
DM (17). In our study, the vast majority of pediatric
TM patients showed pancreatic IO as measured by R2*
relaxometry, and pancreatic fat infiltration was found in
more than half of pediatric TM patients as measured by the
IDEAL method. Notably, 17.8% of patients in our study
had elevated fasting glucose levels, 80% of patients showed
impaired insulin secretion capacity (HOMA-B), and 40%
of patients showed decreased insulin sensitivity (HOMA-
IR). The patients in our study were much younger than
those reported by previous studies on pancreatic 10 and fat
infiltration (16,17,20). These findings emphasize the clinical
relevancy of early monitoring of pancreatic IO in TM
patients.

In our study, a homogenous distribution pattern of
siderosis in the 3 pancreatic regions was seen when the iron
deposition was mild to moderate. However, in cases of severe
iron deposition, the distribution tends to be heterogeneous.
These findings might be associated with pathologically
progressive hemosiderin deposition processes from the
initial deposition in the pancreatic exocrine tissue to

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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selective deposition in the endocrine tissue (the islets) as 10
increases, which has been verified by an autopsy study (18).
Histologically, the exocrine tissue of the pancreas is
homogeneously distributed among the pancreatic head,
body, and tail, while the islets are heterogeneously scattered
among the exocrine tissue (32,33). Fatty replacement
was correlated with IO in pediatric TM patients in our
study, which can also be found in adult TM patients (16).
It is hypothesized that fatty replacement of the pancreas
parenchyma follows iron deposition (18,19). However,
our results showed that FF values in the tail region of the
pancreas were higher than those in the head or body. A
similar finding has also been reported in adult patients with
10 disease, although not significant (16). Fatty replacement
in the pancreas is supposed to represent the end or severe
stage of pancreatic disease (34). It is known that more islets
are present in the pancreatic tail compared with the head
and body regions histologically (32,33). Therefore, it is not
surprising that more fat content was found in the tail region
as IO progressed.

In our study, pancreatic 1O and fatty infiltration were
more severe in patients with impaired glucose function
than patients with normoglycemia. In adult TM patients,
pancreatic iron deposition and fatty replacement have
previously been shown to predict diabetes (2). In a recent
study, pancreatic fatty replacement was also a predictor of
diabetes in adult patients who had IO resulting from various
hematological disorders, including TM (35). However,
there is little existing data on the association between
pancreatic IO, fat infiltration, and glucose metabolism
in pediatric TM patients. Only Idilman et a/. (20) have
reported 3 teenage TM patients with elevated FF levels in
the pancreas, however, the relationship between pancreatic
fat infiltration and glycometabolism was not determined
in their study. In our study, both iron accumulation
and fatty replacement of the pancreas were associated
with glucose dysregulation in TM children. Notably,
fatty replacement of the pancreas in adult TM patients
is irreversible with intensive chelation, and most likely
represents the end or severe stage of pancreatic disease (34).
Such irreversible damage to the pancreas might result
from the cumulative destruction of beta cells (36). In our
study, both pancreatic R2* relaxometry and FF were able
to discriminate between pediatric TM patients with IFG
and those with normoglycemia. Pancreatic FF showed a
better discriminative power compared to R2* relaxometry,
with an AUC of 0.931. These results suggest that regular
measurement of pancreatic FF is also essential for the
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management of children with TM, and pancreatic R2*
relaxometry and FF can be used as potential risk factors for
predicting the development of diabetes in pediatric TM
patients.

Our study had several limitations. First, the patients were
enrolled from 1 center, and the sample size was relatively
small. Second, in our study, pancreatic iron was measured
at 1.5T using the R2* acquisition technique, and FF was
measured at 3.07T using the IDEAL algorithm. Since the
co-occurrence of fat and iron in a voxel can confound each
other (37), simultaneous measurement of R2* and FF using
the T2*-IDEAL method would be more preferable if iron
deposition is not severe (37,38). It has been shown that R2*
provides precise iron quantification for lower 10 at 3T, but
does not work well for higher IO because susceptibility
artifacts increase with field strength and signals can decay
rapidly (39). In our study, we found that 11.1% (10/90)
of patients had severe pancreatic 10. Thus, we used the
widely accepted R2* acquisition technique equipped in our
1.5T scanner to measure iron in the pancreas (3,12,15). Fat
suppression via CHESS in our study was used to minimize
the effect of fat on T2* measurements. Due to the use
of fat suppression, signal oscillation produced by fat, as
described by Meloni et al. (40), was not obvious in our
study. A fitting error <5% using CMRtools in our study also
indicated good fitting quality. However, fat suppression via
CHESS at 1.5T may lead to a systematic R2* reduction,
especially for high R2* values (>900 s™) (41), though no
patients in our study had an R2* value >900 s7'. Third, the
last TE of approximately 15 ms would be not adequate for
precise R2* measurements in patients with no or moderate
pancreatic 10 at 1.5T. Last, no histological confirmation
was performed for iron and fat content measurements
by MRI. Although biopsy is the standard method for
quantitative assessment of iron and fat in the pancreas, it has
risks of procedure-related complications, sampling error,
and interobserver variability (42,43). Moreover, it is not
recommended for pediatric TM patients to receive a biopsy
to evaluate the iron and fat content of the pancreas.

In conclusion, our study showed that pancreatic iron
and fat can be measured quantitatively by gradient-echo
imaging. In pediatric TM patients, hemosiderin in the
pancreas may show a trend from initial homogenous
deposition in the pancreatic exocrine tissue to
heterogeneous deposition in the endocrine tissue as 10
progresses. The heterogeneous fatty replacement may
occur in the pancreas with higher fat content in the tail
region. Pancreatic fatty replacement is associated with iron

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

accumulation in pediatric TM patients. Both pancreatic IO
and fat infiltration, as measured by gradient-echo imaging,
are associated with the risk of developing diabetes in
pediatric TM patients.
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