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ARTICLE INFO ABSTRACT

Keywords: Purpose: Cardiac native-T1 times have correlated to extracellular volume fraction in patients with confirmed
Diabetes fibrosis. However, whether other factors that can occur either alongside or independently of fibrosis including
T1 relaxation time increased intracellular water volume, altered magnetization transfer (MT), or glycation of hemoglobin, lengthen
:iielrctmphy T1 times in the absence of fibrosis remains unclear. The current study examined whether native-T1 times are

elevated in hypertrophic diabetics with elevated hemoglobin A1C (HbAlc) without diffuse fibrosis.

Methods: Native-T1 times were quantified in 27 diabetic and 10 healthy adults using a modified Look-Locker
imaging (MOLLI) sequence at 1.5T. The MT ratio (MTR) was quantified using dual flip angle cine balanced
steady-state free precession. Gadolinium (0.2 mmol/kg Gd-DTPA) was administered as a bolus and post-contrast
T1-times were quantified after 15 min. Means were compared using a two-tailed student's t-test, while corre-
lations were assessed using Pearson's correlations.

Results: While left ventricular volumes, ejection fraction, and cardiac output were similar between groups, left
ventricular mass and mass-to-volume ratio (MVR) were significantly higher in diabetic adults. Mean ECV
(0.25 + 0.02 Healthy vs. 0.25 = 0.03 Diabetic, P = 0.47) and MTR (125 * 16% Healthy vs. 125 + 9%
Diabetic, P = 0.97) were similar, however native-T1 times were significantly higher in diabetics (1016 = 21 ms
Healthy vs. 1056 + 31 ms Diabetic, P = 0.00051). Global native-T1 times correlated with MVR (p = 0.43,
P = 0.008) and plasma HbAlc levels (p = 0.43, P = 0.0088) but not ECV (p = 0.06, P = 0.73). Septal native-T1
times correlated with septal wall thickness (p = 0.50, P = 0.001).

Conclusion: In diabetic adults with normal ECV values, elevated native-T1 times may reflect increased in-
tracellular water volume and changes secondary to increased hemoglobin glycation.

1. Introduction contrast agents receding [4,5], concerns remain regarding long-term

deposition in deep brain regions following repeated exposure [6].

Methods for quantifying the development of diffuse interstitial fi-
brosis in the setting of non-ischemic heart disease have been under-
going intensive development over the last decade. Quantification of
extracellular volume fraction (ECV) through mapping of myocardial T1-
relaxation times before and after administration of gadolinium-based
contrast agents has demonstrated a strong correlation with collagen
volume fraction as determined by histology [1,2]. In addition, identi-
fication of diffuse fibrosis has been shown by several studies to be as-
sociated with increased long-term risk of heart failure, diastolic dys-
function, and fatal arrhythmias [3]. The ability to reliably and
repeatedly quantify diffuse fibrotic burden in high-risk patient popu-
lations can potentially enable earlier intervention. However, even with
recent concerns surrounding acute administration of gadolinium

In response to concerns of gadolinium toxicity, non-contrast or ga-
dolinium-free techniques for myocardial tissue characterization have
been increasingly explored in recent years. These techniques include
mapping of native-T1 relaxation times [7,8], Tlp times [9], and
changes in magnetization transfer (MT) contrast [10,11]. A common
attribute of each technique is that elevated T1/T1p times and loss of MT
contrast occur in fibrotic tissue due to increases in the relative fraction
of mobile protons within the extracellular water pool. Importantly, in
non-ischemic pathologies including hypertrophic (HCM) and hy-
pertensive cardiomyopathy, and patient populations including those
with diabetes or end-stage renal disease, diffuse fibrosis often occurs
concomitantly with cardiomyocyte hypertrophy. However, most studies
examining changes in relaxation times have selected patient
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populations in which diffuse fibrosis and hypertrophy are concomitant
and control populations display neither attribute. Subsequently, whe-
ther expansion of the intracellular free water pool within hypertrophied
cardiomyocytes, corresponding changes in MT, and disease-related
changes in levels of plasma mediators of iron homeostasis combine to
lengthen relaxation times independent of changes in ECV is commonly
overlooked.

Heart failure among adults with type II diabetes is initially char-
acterized by the development of ventricular hypertrophy and/or diffuse
fibrosis, increased inflammation and formation of advanced glycation
end-products [12,13]. Importantly, while the development of LV hy-
pertrophy is consistent, the development of diffuse fibrosis is hetero-
geneous among diabetic patients [12-15]. For example, two recent
large studies reported significantly higher [16] and lower [17] ECV
values among diabetic patients despite consistent hypertrophy in
comparison to healthy controls. In this study we recruited diabetic
adults and healthy controls for cardiac magnetic resonance (CMR)
tissue characterization. Our initial goal was to examine the correlation
between changes in ECV and changes in native T1-relaxation times and
MT contrast. However, when all diabetic patients demonstrated normal
ECV values, we observed hypertrophy and hemoglobin glycosylation-
dependent changes in native-T1 relaxation times without changes in
MT contrast.

2. Methods
2.1. Patient selection, ethics, consent and permissions

Twenty-seven diabetic adults were recruited from within the
Endocrinology Clinic at the University of Kentucky Medical Center. Ten
healthy non-diabetic controls were recruited from within the commu-
nity. Exclusion criteria included renal failure, prior myocardial infarc-
tion or other diagnosed cardiomyopathy. The research protocol was
approved by our institutional review board (IRB 12-0795-F3R) and
informed consent was obtained from all subjects for participation and
publication of findings. Demographic characteristics are summarized in
Table 1. Hematocrit and HbAlc were measured at the time of imaging.
One healthy control subject was unable to complete the study due to an
adverse reaction to gadolinium.

2.2. Human cardiac MRI protocol

CMR was performed on a 1.5 T Siemens MAGNETOM Aera scanner
(Siemens Medical Imaging Solutions, Erlanger, Germany) using an 18-
channel body coil and 12-channel spine coil. First, a short-axis stack of
bSSFP cine images were obtained with prospective ECG triggering to

cover the entire left ventricle (TE=1.2ms TR = 3.2ms,
bandwidth = 930 Hz, field of view = 260 X 260 mm, slice thick-
ness = 8mm, flip angle = 50°, 256 X 256 matrix, GRAPPA 2).

Acquisition time for each cine bSSFP image set was ~17 s, depending
on heart rate. Next, pairs of differentially MT-weighted cine bSSFP
images and modified Look-Locker imaging (MOLLI) images were ac-
quired in series at each slice location moving from base to apex. For

Table 1

Study population demographics and plasma measurements. The two study
groups have statistical differences in age, BMI, and HbAlc. Data are presented
as mean * SD.

Variable Healthy controls Diabetic patients

Age (years) 40 = 12 53 £ 11 p < 0.01
BMI (kg/m?) 245 + 5.1 36.0 + 8.7 p < 0.01
Female 7 (58.33%) 19 (67.86%) p=0.76
HbAlc (%) 54 + 0.3 83 x 1.4 p < 0.01
Hematocrit (%) 40.49 + 2.4 40.6 + 3.5 p = 0.85
Heart rate (bpm) 60.0 = 6.5 721 = 11.5 p < 0.01
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differential MT-weighting, pairs of bSSFP cine images were acquired
with excitation flip angles of 5° (proton density reference) and 45° (MT)
during end expiratory breath-holds as described in Stromp et al. [10].
All sequence parameters excluding flip angle were identical to those
used for scout imaging. MOLLI was performing using a 5(3)3 sequence
design with additional parameters of TE = 1.1 ms, TR = 2.7 ms, flip
angle = 35°, bandwidth = 1085 Hz, field of view = 272 x 272mm,
slice thickness = 8 mm, 256 x 256 matrix with 66% phase resolution,
partial Fourier transform 7/8, GRAPPA 2. Afterwards, gadolinium
(0.2 mmol/kg Gd-DTPA) was administered intravenously as a bolus
(2ml/s) and after 15 min post-contrast MOLLI (4(1)3(1)2, TE:1.1 ms,
TR:2.7 ms, flip angle:35°, field of view:272 X 272 mm, GRAPPA 2),
images were obtained in the same slice positions as pre-contrast images.
The scan time for MOLLI was ~15s depending on heart rate.

2.3. Image analysis

MT contrast was quantified by calculating the normalized change in
signal between images as (AS/So); = [(S45 — Ss) / Ssl;, where S5 and
Ss represent the signal intensity for 45° and 5° excitations, respectively,
for each cardiac phase (i). For each patient AS/So maps from three end-
diastolic phases without cardiac motion were averaged together to re-
duce random noise yielding a single map of the magnetization transfer
ratio (MTR). Maps of T1 relaxation times were automatically re-
constructed online using non-rigid body correction. The left ventricular
myocardium was manually segmented on each short axis slice using a
custom-designed MATLAB script (MATLAB 2016a, MathWorks, Nattick
MA). The mean MTR, pre-contrast and post-contrast T1 values were
calculated, and the extracellular volume fraction was calculated as
ECV = (ARl yyocardium / AR1pio0a) * (1-hematocrit), where AR1yj004 Was
calculated from one mid-ventricular slice. Cardiomyocyte cell volume
was estimated as described by Storz et al. [17] as (1-ECV) % LVmass /
1.05. The average septal values of MTR, native-T1 and ECV were cal-
culated only in two mid-ventricular slices. Average values for septal
MTR, native-T1 and ECV were also calculated for a basal and an apical
slice. MTR maps were prepared using a median filter with a 3 x 2
kernel and color scheme that was previously used to emulate late ga-
dolinium enhancement as described in Stromp et al. [10]. Maps of T1-
relaxation times were exported from Siemens image viewing software
using the commercial standard colormap.

Separately, left ventricular structure and function were assessed in
Argus (Siemens Healthcare, Erlangen, Germany). Left ventricular end
diastolic volume (EDV), end systolic volume (ESV), and myocardial
mass were all calculated after manual segmentation of endo- and epi-
cardial borders. Ejection fraction (EF) and stroke volume were calcu-
lated following identification of peak systole. Cardiac output was then
calculated as stroke volume multiplied by heart rate at the time of
imaging. Septal wall thickness was measured at the mid-ventricle.
Finally, left ventricular mass was normalized to both body mass (LVMI)
and end diastolic volume (MVR).

2.4. Statistics

Numeric data are summarized as mean * SD. Statistical analysis
was performed in Microsoft Excel. Differences in parameters of left
ventricular structure and function, MTR, T1 times and ECV between
control and diabetic adults were assessed using a two-tailed student's t-
test. In order to determine correlations between MTR, heart rate, na-
tive-T1 relaxation times, and extracellular volume fraction were mea-
sured using Pearson's correlations. Multivariable regression analysis
was performed to analyze the effects of heart rate, mass to volume ratio
and HbAlc on native-T1 times. Resulting coefficients were corrected
using Shapley-Owen analysis. Statistical significance in pairwise com-
parisons was defined as p < 0.05.
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Table 2
Parameters of left ventricular structure and global function. Data are presented
as mean * SD.

Healthy controls  Diabetic patients

End diastolic volume (ml) 91.6 = 225 78.6 = 20.4 P =0.09
End systolic volume (ml) 34.2 + 12.9 27.1 + 11.9 P=0.11
Stroke volume (ml) 57.5 = 12.1 51.5 = 13.6 P=0.21
Cardiac output (L/min) 3.6 £ 1.1 3.7 £ 1.0 P =0.81
Ejection fraction (%) 67 = 8 66 = 10 P =0.37
Septal wall thickness (cm) 0.89 = 0.13 1.22 + 0.22 p < 0.01
Left ventricular mass (g) 98.5 = 29.9 126.5 = 26.5 p < 0.01
Mass to volume ratio (g/ml) 1.12 + 0.46 1.68 = 0.49 p < 0.01
Left ventricular mass index 1.46 = 0.39 1.26 * 0.35 P =0.16
(g/kg)
Cell volume (mL) 69.9 + 22.1 90.2 + 19.3 P = 0.007
3. Results

3.1. Demographics, plasma markers, and ventricular structure and function

Demographic and descriptive data are found in Table 1. Diabetic
patients were significantly older than healthy controls, however all
patients fell within a consistent age quintile metric for assessment of
cardiovascular risk. Body mass index and HbAlc values were sig-
nificantly higher among diabetic adults. All diabetic patients demon-
strated HbAlc values above 6.5% at the time of imaging. Hematocrit
values were similar between the two groups (Table 1). A trend towards
decreased left ventricular volumes was observed in diabetic adults
(Table 2), however stroke volume, cardiac output, and ejection fraction
were all similar between diabetic and healthy adults (Table 2). While
septal wall thickness, myocardial mass, and the ventricular mass-to-
volume ratio were all significantly elevated in diabetic adults compared
to healthy controls (Table 2), left ventricular mass indexed to body
mass was not significantly different between groups (Table 2).

3.2. MR tissue characterization

Measured ECV values were not significantly different between dia-
betic and healthy adults (0.26 *+ 0.02 Healthy vs. 0.25 * 0.03
Diabetic, P = 0.47) as shown in Fig. 1. In addition, mean ECV values
were below 0.30 in all individuals studied. While measurements of MTR
(125 * 16% Healthy vs. 125 + 9% Diabetic, P = 0.97) were similar
in healthy and diabetic adults (Fig. 1), native-T1 times were sig-
nificantly elevated in diabetic patients (1016 = 23ms Healthy vs.
1050 = 45 ms Diabetic, P = 0.02). Post-injection myocardial T1 times
(449 + 26 ms Healthy vs. 423 *+ 32 ms Diabetic, P = 0.04) were sig-
nificantly higher in healthy adults (Fig. 1). Representative mid-
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ventricular maps of native T1-relaxation times and MTR values are
shown in Fig. 2 for a healthy control, and two diabetic adults: one with
a mean native-T1 time within the healthy range and one with sig-
nificantly heightened mean native-T1. Estimated cellular volume was
significantly higher in diabetic adults compared to healthy controls as
shown in Table 2. In addition, average values of septal MTR, native-T1
and ECV for a basal and an apical slice of the myocardium are shown in
Table 3. Calculations of blood T1 values were found to be significantly
higher in healthy adults compared to diabetic patients for post-contrast
(288 + 31 ms Healthy vs. 253 + 35ms Diabetic, P = 0.013), but not
for pre-contrast (1670 * 69 ms Healthy vs. 1627 = 69 ms Diabetic,
P = 0.085).

No correlation was observed between average left ventricular ECV
and average native-T1 relaxation times or MTR values as shown in
Fig. 3. However, a significant correlation was observed between global
native T1-relaxation times and left ventricular hypertrophy measured
as the mass-to-volume ratio (Fig. 3), as well as resting heart rate
(Pearson's p = 0.52, P = 0.001). In contrast, MTR values were not
correlated with changes in the mass-to-volume ratio (Fig. 3). Further
examination revealed a significant correlation between mid-ventricular
septal native T1-relaxation times and corresponding septal wall thick-
ness, even in the absence of a correlation with ECV values as shown in
Fig. 4. Regional MTR values did not correlate with either septal wall
thickness or corresponding regional ECV values (Fig. 4). Calculated
from ECV and myocardial mass, cellular volume correlated with native-
T1 times (Pearson's p = 0.38, P = 0.02) but not MTR (Pearson's
p = 0.17, P = 0.32). While neither native-T1 times (Pearson's p = 0.08,
P = 0.62) nor MTR (Pearson's p = 0.06, P = 0.74) correlated with he-
matocrit levels, ECV logically demonstrated a significant correlation
with hematocrit (Pearson's p = 0.52, P = 0.0008). Interestingly, myo-
cardial native-T1 times demonstrated a significant correlation with
HbAlc levels (Fig. 5) that was not observed with either MTR or ECV.
However, native-T1 times of blood did not demonstrate a significant
correlation with HbAlc (Pearson's p = —0.18, P = 0.29). Additionally,
the glycation of hemoglobin did not demonstrate a significant impact
on blood T1 for both pre- and post-contrast cases (Fig. 6).

Multivariable regression was used to analyze the relative effects of
heart rate, mass to volume ratio, and HbA1C levels on native-T1 times
in the myocardium. Following Shapley-Owen correction, heart rate
(0.204) and plasma HbA1C levels (0.112) were found to have greater
impact on T1 times than mass to volume ratio (0.050). The weighted
combination of these predictor variables correlated significantly with
native-T1 times (R squared = 0.366, p = 0.002).

4. Discussion

In this study we examined changes in native-T1 relaxation times in
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Fig. 1. Box-whisker plots of mean global measurements in healthy controls and diabetic adults. (A) Extracellular volume fraction (ECV) was similar between healthy
adults (control; minimum = 0.22, median = 0.26, maximum = 0.28) and diabetic adults (minimum = 0.18, median = 0.25, maximum = 0.30). (B) In parallel, the
magnetization transfer ratio (MTR) was statistically similar between healthy (minimum = 89.7%, median = 124.5%, maximum = 147.6%) and diabetic adults
(minimum = 105.4%, median = 125.5%, maximum = 147.6%). (C) While native Tl-relaxation times were significantly longer among diabetic adults
(minimum = 984 ms, median = 1056 ms, maximum = 1098 ms) in comparison to healthy controls (minimum = 983 ms, median = 1013 ms, maximum = 1058 ms),
(D) post-contrast T1 times were shorter in diabetics (423 * 32ms) vs. healthy controls (449 + 26 ms).
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Table 3
MTR, native-T1, and ECV values for a basal and an apical slice of the myo-
cardium. Data are presented as mean + SD.

Healthy Diabetic
Basal MTR (%) 1345 + 30.4 142.1 + 32,5 P =0.51
Basal T1 (ms) 1004.2 + 38.8 1043.2 + 52.4 P =0.03
Basal ECV 0.24 * 0.04 0.24 * 0.03 P = 0.49
Apical MTR (%) 99.9 * 129 885 + 25.8 P=0.17
Apical T1 (ms) 1009.3 + 33.1 1030.3 + 54.2 P =0.24
Apical ECV 0.26 = 0.05 0.25 = 0.03 P=10.33

diabetic adults without diffuse fibrosis and observed correlations be-
tween elevated native-T1 times and broad measures of ventricular hy-
pertrophy, elevated heart rate and plasma HbA1lc levels in the presence
of preserved magnetization transfer ratio. These findings suggest
lengthened native-T1 times of myocardium in the absence of diffuse
fibrosis among diabetics may reflect the combined effects of an
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Fig. 2. Representative maps of native-T1
and MTR in healthy and diabetic adults.
Maps of native-T1 relaxation times in (A) a
healthy control and (B) a diabetic adult
with normal left ventricular structural
parameters demonstrate similar global
mean T1 relaxation times (A: 1014 ms, B:
1023 ms). (C) In contrast, elevated native-
T1 relaxation times within the septum,
anterior wall, and inferior right ventricular
insertion area of a diabetic adult with in-
0 creased septal wall thickness (1.4 cm) and
280 elevated mass-to-volume ratio (1.4 mg/ml)
result in a longer mean left ventricular na-
tive-T1 time (C: 1095 ms) compared to ei-
—_ ther A or B. The mean ECV was similar
o\° across groups (A: 0.26 A.U., B: 0.24 A.U,, C:
o 0.27 A.U.) and within the range of litera-
[ ture values for healthy tissue. (D-E)
> Corresponding maps of the magnetization
transfer ratio demonstrate similar mean
global values across all individuals (A:
134%, B: 127%, C: 124%) that are con-
150 sistent with literature values from healthy
individuals (see reference 10).

Native-T1 (ms) S
o

expanded intracellular water volume in hypertrophied cardiomyocytes
and sequalae of increased hemoglobin glycosylation. Importantly, the
values of native-T1 times within the diabetic group in this study were
consistent with those measured in myocardium that fails to display
signal enhancement on late gadolinium-enhanced (LGE) images, but is
diffusely fibrotic based on ECV values in patients with HCM [18,19]
and hypertension with ventricular hypertrophy [20]. Given that both
cardiomyocyte hypertrophy and elevated plasma HbAlc levels are
common comorbidities among patients with varying etiologies of non-
ischemic cardiomyopathy, the potential impact of these factors on
measured T1 times should be taken into consideration as part of further
adoption of native-T1 mapping protocols.

Studies of native-T1 relaxation times in patients with ventricular
hypertrophy have generally examined patient populations in which
hypertrophy and diffuse fibrosis are typically concomitant, such as in
hypertrophic cardiomyopathy (HCM), compared to non-hypertrophic
control patients. Early studies of HCM patients revealed elevated na-
tive-T1 times regardless of segmental LGE status when compared to

Fig. 3. Association of global native-T1 or MTR with global
extracellular volume fraction and left ventricular mass to
volume ratio. Healthy controls are represented by filled cir-
cles, diabetic adults are represented by empty circles. (A) The
average global left ventricular native-T1 time was not corre-
lated with ECV (Pearson's p = 0.06, P = 0.73) derived from
pre- and post-contrast T1 times. (B) Similarly, the average left
ventricular magnetization transfer ratio (MTR) was not cor-
related with ECV values (Pearson's p = 0.15, P = 0.38). (C) In
contrast, a significant correlation was observed between na-
tive-T1 and the left ventricular MVR (Pearson's p = 0.36,
P = 0.025). (D) No correlation was observed between the
magnetization transfer ratio and the MVR (Pearson's
p =0.07, P = 0.67).
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corresponding healthy control values [18,19,21]. In a study by
Puntman et al. [21], both native-T1 times and ECV were significantly
higher in HCM patients by approximately 20% and 50%, respectively,
compared to healthy controls. However, when separated by LGE status
by Dass et al. [18], HCM patients without gadolinium enhancement
demonstrated moderate elevations in native-T1 times that were con-
sistent with those observed in diabetic patients in our study [18]. Si-
milar results were obtained in a more recent study by Kato et al. [19],
however neither study reported on ECV values in LGE negative terri-
tories. In contrast, Liu et al. reported native-T1 times in line with
healthy control values in LGE negative territories of HCM patients;
however, they did not report on corresponding ECV or wall thickness
measurements [22]. In a recent study of (non-HCM) hypertensive pa-
tients by Kuruvilla et al. [20], those with elevated LVMI demonstrated
significantly higher ECV and native-T1 times in comparison to both
hypertensive patients with normal LVMI and age matched controls. We
observed similar elevations in native-T1 times among diabetics with
increased left ventricular mass (measured as MVR) to non-HCM patients
with heightened LVMI by Kuruvilla et al., despite normal ECV values
[23]. Further, Kuruvilla et al. reported a strong correlation between
native-T1 and LVMI, and both Dass et al. and Kato et al. reported a
correlation between septal wall thickness and segmental T1 times, all
among patients with either confirmed or presumed ECV elevations.
Interestingly, we also observed significant correlations between native-
T1 times and both global (MVR) and regional (septal wall thickness)
measures of ventricular hypertrophy, as well as estimated cellular vo-
lume, despite all diabetic patients demonstrating ECV values consistent
with normal myocardium. These results suggest that in some cases,
cardiomyocyte hypertrophy may contribute to lengthened native-T1
times in LGE negative myocardium that is not diffusely fibrotic.

Prior studies that examined native-T1 times in diabetic patients
used measurement of HbAlc to confirm glycemic status of participants
[16,17], but have not examined the impact of HbAlc levels on T1 times.
In the current study, we observed a strong correlation between plasma
HbAlc levels and myocardial native-T1 times at the time of imaging.
There are several potential mechanisms by which elevated plasma
HbAlc may contribute to lengthening of myocardial native-T1 times.
First, elevated levels of HbAlc have been shown to cause changes in the
secondary structure of hemoglobin with substitution of alpha-helices by
beta-sheets [24]. Increased beta-sheet content within hemoglobin can
contribute to protein unfolding that both alters the transition between
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Fig. 4. Association of septal native-T1 or MTR values with
corresponding extracellular volume fraction and septal wall
thickness. (A) Midventricular septal native-T1 time demon-
strates a significant correlation with septal thickness
(Pearson's p = 0.50, P = 0.001), (B) but not regional extra-
cellular volume fraction (Pearson's p = 0.28, P = 0.086). (C)
No correlation was observed between regional MTR and ei-
ther septal thickness (Pearson's p = 0.19, P = 0.23) or (D)
regional extracellular volume fraction (Pearson's p = 0.23,
P =0.16).

0.3 0.35

spatial conformations and reduces the stability of overall protein
structure [24]. Further, structural unfolding of hemoglobin has been
shown to cause degradation and displacement of the heme group, with
subsequent impacts on oxygen affinity [25]. In addition, unfolding of
hemoglobin can alter the spin state, and thus magnetic moment, of iron
atoms through hemichrome formation [26,27]. Importantly, while such
processes occur within red blood cells and are not reflected in simple
measures of hematocrit, each can lengthen the spin-lattice relaxation
time of blood in a manner consistent with reduced hematocrit. How-
ever, in this study we did not observe a significant correlation between
HbAlc and blood native-T1 times. Alternatively, increased plasma
HbAlc is correlated with accumulation of advanced glycosylation end
products (AGE) which may alter native-T1 times via two distinct me-
chanisms. First, the accumulation of AGE is known to alter enzymatic
activity involved in serum albumin regulation [26,28], which may
contribute to lengthened T1 times. Second, increased tissue accumu-
lation of AGE has been shown to increase underlying inflammation
[29,30], which has been repeatedly shown to lengthen myocardial
native-T1 times in the absence of diffuse fibrosis [31,32]. However, we
were unable to obtain tissue samples to assess the inflammatory status
of participants in our study.

Existing CMR tissue characterization studies in diabetic patients
have demonstrated inconsistent results. For example, an early study by
Wong et al. performed at 1.5T using the MOLLI sequence reported
significantly elevated ECV values among diabetic patients compared to
age-matched controls, with half of diabetic patients demonstrating ECV
values above 30% and greater heterogeneity compared to the healthy
group [16]. Unfortunately, Wong et al. did not report native-T1 times in
their study. In contrast, in a recent study by Storz et al. performed at 3 T
using the MOLLI sequence, ECV values were statistically significantly
lower in pre-diabetic and diabetic patients compared to healthy con-
trols, although all within the published range of normal values [17]. In
contrast, native-T1 times were similar among all groups. Similarly,
Levelt et al. observed no difference in resting native-T1 times between
diabetic adults and healthy controls, measured at 3T using the
ShMOLLI sequence, despite elevated mass-to-volume ratio [33]. How-
ever, ECV values were not reported as part of this study [33]. Im-
portantly, we observed a substantially greater difference in indices of
ventricular remodeling (e.g. MVR) between diabetic patients and
healthy controls than was reported by either Storz et al. or Levelt et al.
In addition, HbAlc values were substantially higher among diabetic
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Fig. 5. Global average native-T1 relaxation time is strongly correlated to
plasma HbAlc at the time of imaging. (A) A significant correlation (Pearson's
p = 0.43, P = 0.0088) was observed between native-T1 relaxation times and
corresponding plasma HbAlc measurements. In contrast, neither (B) MTR
(Pearson's p = 0.10, P = 0.56) nor (C) ECV (Pearson's p = 0.14, P = 0.41)
correlated with plasma HbAlc values.

patients in our study as compared to all three aforementioned studies.
With a smaller sample size of diabetic patients who were more hyper-
trophic and with higher plasma HbAlc levels compared to the larger
referenced studies [16,17], it is possible that we observed differences in
native-T1 times that were not observed in the prior studies. Un-
fortunately, neither Levelt et al. nor Storz et al. examined whether a
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correlation existed between plasma HbAlc levels and native-T1 times
despite similar group mean T1 times. However, it is possible that ex-
amination of a much larger sample size may fail to confirm correlations
between T1, hypertrophy, and HbAlc.

Native-T1 values obtained using the MOLLI sequence are known to
demonstrate sensitivity to changes in magnetization transfer [34]. Prior
studies have demonstrated changes in MT-weighting in fibrotic and
edematous tissue [10,11], but the impact of hypertrophy in the absence
of fibrosis was not examined. Measurement of MTR in this study re-
vealed consistent MTR values between healthy controls and diabetic
patients, irrespective of degree of ventricular hypertrophy. These
findings raise the possibility that while the intracellular water volume
increases in hypertrophied cardiomyocytes, the MT between in-
tracellular water and surrounding macromolecules remains consistent.
Importantly, preserved MTR in diabetic adults suggests that changes in
native-T1 times are independent of MT in this study. Separately, early
T1-mapping studies that used MOLLI acquisition schemes demonstrated
increased variability in phantom T1 values with increased simulated
heart rate [35,36]. While we observed that elevations in T1 values
correlated with faster heart rate, multivariable regression demonstrated
that elevated heart rate alone is insufficient to explain lengthened T1
times in the absence of diffuse fibrosis. Further, underestimation of T1
at higher heart rates may have caused reported T1 values in diabetic
patients to underestimate the true degree of lengthened T1 times, de-
spite the absence of diffuse fibrosis. Finally, intramyocardial fat can
bias measured native T1 values depending upon the phase difference
between fat and myocardium as described by Kellman et al. [37]. Al-
tered cardiomyocyte fatty acid regulation can lead to the accumulation
of intracellular lipid droplets in diabetic subjects [12] which may also
contribute to observed changes in T1 times. However, in this study we
were unable to obtain and potentially account for measurement of in-
tramyocardial fat content. Importantly, while the impact of cardio-
myocyte lipid content on T1 can be both to lengthen or shorten T1
depending on the degree of off-resonance of a given voxel, the magni-
tude of this effect is typically < 5% [37].

Several limitations to this study need to be kept in mind. First, we
were not able to obtain endocardial biopsies to histologically validate
ECV and cardiomyocyte hypertrophy measurements. Second, at the
time of data acquisition we did not have access to alternative T1
mapping protocols including saturation recovery-based methods such
as ShMOLLI that are considered more precise than MOLLI. In addition,
while our selection criteria for both groups stipulated that individuals
have no history of heart disease including prior myocardial infarction,
we were unable to perform late gadolinium enhancement to confirm
such absence. Finally, unlike prior studies of diabetic populations that
properly age-matched their control group, our healthy controls were on
average a decade younger than diabetic patients. Subsequently, while
not the purpose of the study, it is not possible to attribute elevated left
ventricular hypertrophy and any subsequent impacts on native-T1
times strictly to diabetic status.
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Fig. 6. T1 times of blood are not correlated with HbAlc levels. Neither (A) pre-contrast (Pearson's p = —0.18, P = 0.29) nor (B) post-contrast (Pearson's p = —0.21,
P = 0.20) T1 times of the left ventricular blood pool demonstrated significant correlations with plasma HbAlc values at the time of imaging.
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5. Conclusion

In conclusion, this study suggests that both cardiomyocyte hyper-

trophy and potential impacts of elevated plasma HbAlc levels may
contribute to an observation of lengthened myocardial native-T1 times
in the absence of underlying diffuse fibrosis. Given that both diabetes
and pre-diabetes are common comorbidities among individuals with
cardiovascular disease, these factors should be considered alongside
native-T1 times when ECV measurement is contraindicated.
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