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Abstract

Contrast-enhanced ultrasound (CEU) is an ultrasound imaging technique used to assess tissue
perfusion. Analysis of microvascular recruitment necessitates the definition of a region of interest
(ROI) containing exclusively the tissues to be studied. Conventional ROI selection requires
examining the images and drawing the ROI by hand, making the analysis of CEU images non-
reproducible and analyst-dependent. We have designed a systematic ROI selection method that is
both reproducible and analyst-independent. Microvascular blood volume (MBV) assessed in 21
sequences of images was used to correlate the systematic ROI selection method with the
conventional method performed by two independent analysts (correlation of 0.88 and 0.87
respectively) and the MBV sample distribution from the systematic method was not significantly
different from those obtained from the conventional one. Using the systematic method, we found
no significant insulin-induced capillary recruitment in subjects with type 1 diabetes mellitus,
which might be related to the observed low glucose uptake during the hyperinsulinemic
euglycemic clamp compared to healthy patients.
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1. Introduction

Contrast-enhanced ultrasound (CEU) is a noninvasive technique developed to image
myocardial perfusion: inert gas-filled microbubbles are continuously infused into the
vascular system and serve as the contrast agent; the microbubbles are then destroyed with
high-energy ultrasound, and the rate at which the microbubbles replenish the ultrasound
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beam reflects the microvascular flow velocity while the concentration of microbubbles when
the beam is fully replenished is proportional to the microvascular blood volume (MBV)
[1,2,3]. The microbubbles, comparable in size to red blood cells (RBCs), remain entirely
within the vascular space and possess similar intravascular rheology to that of RBCs [4,5,6].
It was demonstrated that microbubbles have no significant effects on coronary blood flow
and systemic hemodynamics when injected into the circulation [7]. To isolate the tissues to
be analyzed from the surrounding tissues, e.g. larger vessels, bones ..., a region of interest
(ROI) is defined within the space captured by the ultrasound beam. The selection of the ROI
requires a trained analyst to go through the ultrasound images and hand-select the region
based on his/her expertise. This process is tedious and time consuming, and above all, not
reproducible: not two analysts (or even the same analyst doing the analysis twice) will pick
the same ROIs and thus potentially not arrive at the same conclusion. Therefore, more
systematic ROI selection methods are needed to improve the usability of CEU and make the
quantification analyst-independent.

CEU has also been successfully used for measurement of tissue perfusion in the skeletal
muscle [8,9,10,11], skin [12], brain [13] and kidney [14]. We apply the proposed method to
insulin-mediated changes of blood volume in capillaries of skeletal muscles in subjects with
type 1 diabetes mellitus (T1DM). CEU has been used to show that in healthy subjects,
insulin-mediated capillary recruitment precedes increases in total blood flow [15,16,17] and
is a key part of insulin’s action in vivo, accounting for as much as 50% of the insulin-
induced increase in glucose uptake [18,9,8,15]. As “insulin-induced alteration in blood flow
patterns could be as important as direct signaling of cells by insulin in establishing the rate
of glucose utilization in vivo” [19], we examine the effects of insulin on capillary
recruitment in TLDM patients as they depend on exogenous insulin supplies to ensure
glucose absorption and maintain safe glucose levels.

We propose a method that systematically selects ROIs, insuring consistency in ROI
selection in a fast and tractable manner. As point of comparison, two expert analysts were
asked to select ROIs on a dataset on which the proposed method was applied as well.
Results demonstrated that development of systematic ROI selection can be beneficial to
CEU analysis and we applied the method to the analysis of insulin-induced capillary
recruitment in TLDM patients.

2. Research design and methods

2.1. Contrast-enhanced ultrasound imaging

Microbubbles are continuously infused in the circulation to provide the contrast medium to
the ultrasound imaging technique. When exposed to high-energy ultrasound, the
microbubbles are destroyed, resulting in a high-amplitude signal. Ultrasound pulses are
gated to an internal timer to allow variable time intervals between pulses. The rationale is to
destroy the microbubbles during the first ultrasound pulse and image their reappearance
within the muscle vasculature with the second pulse. During an imaging sequence, the
interval between these pulses is progressively prolonged to allow more replenishment of the
microbubbles in the microcirculation, resulting in an increased signal intensity. Pulsing
intervals are usually gated by cardiac cycles (measured by heart beats) so as to keep the
blood pressure consistent within the cardiac cycle during the imaging process, and several
images are acquired at each pulsing interval (PI) for more robust estimation of the intensity.
When the space defined by the beam thickness is completely filled, increasing the pulsing
interval does not affect the signal intensity anymore (fig. 1 [A]). The replenishment curve,
plot of the mean intensity over a ROI against the pulsing interval, converted into relative
time (e.g. milliseconds), can generally be described by an exponential function [3]:
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where y is the ROl mean acoustic intensity in decibels (dB) and t the pulsing interval in
milliseconds. The constant c is the acoustic intensity that would be obtained if the pulsing
interval was reduced to 0, that is, the intensity reflected by the tissues other than blood
vessels, or in other words, reflected by the “background”. The parameter A represents the
plateau of the background-subtracted intensity and  the rate at which it rises (fig. 1 [B]). As
detailed in [3], MBV is estimated by the parameter A.

2.2. Conventional ROI selection

Standard image analysis requires a quantification software such as Q-Lab (Philips Medical
Systems) (e.g. [20,11,21,22]). Once a sequence is loaded, the software enables ROI selection
for that sequence, computation of the mean signal intensity in the ROI for each image, and
estimation of MBV by fitting an exponential function to the replenishment curve. The ROI
selection for each sequence has to be done by an expert analyst, who goes through each
image of the sequence, and then draws the contour of the ROI by hand on one of the images.
The accuracy of the selection to only contain the tissues of interest solely depends on the
expertise of the analyst.

Two independent expert analysts were asked to analyze a subset of all the sequences
obtained using the conventional method, i.e. by going through all the images of each
sequence, and hand-selecting the ROIs. The ROIs were selected to contain capillaries only.
MBYV was then measured by fitting an exponential function to the replenishment curve (see
section 2.1).

2.3. Systematic ROI selection

In order to make the ROI selection analyst-independent and guarantee consistency in the
ROI definition across different sequences, we propose a systematic procedure to select ROI,
implemented in Matlab (The MathWorks, Inc). In particular, as we focus on insulin-induced
capillary recruitment, we present the systematic method for selecting capillaries, and
excluding any larger blood vessels from the ROI, such as arteries or veins.

Each sequence of images is loaded in Matlab and converted into a sequence of 2D arrays by
means of an open source code developed by Francois Nedelec (EMBL, Heidelberg,
Germany). The intensity stored in the TIF files is a [0-255] normalized intensity of the
acoustic signal, providing grounds to set a region selection methodology based on pixel
intensities applicable to all sequences. The capillary-only ROI selection for each sequence is
the following: the whole image is considered as potential ROI to begin with. Because it
takes about 2 to 4 heart beats (hb) for the microbubbles to reappear in the capillaries, regions
showing stronger signals than a threshold K1 for any frame taken at a pulsing interval less or
equal than 2 hb are discarded. For the intensity reflected by capillaries is limited by the size
of the capillaries, regions showing intensity above a threshold K, at any pulsing interval are
discarded. The resulting region defines the ROI of the sequence (fig. 2). The thresholds were
set to match the intensity level above which the analysts would consider a region too bright
to contain capillaries only for initial frames and the intensity level above a region would not
be included in the ROI regardless of the frame considered for K; and K respectively. The
values were set to K; = 50 and K, = 150.

Although pulsing interval is gated by cardiac cycles, the TIF file only stores the pulsing
interval converted into relative time (in milliseconds). In order to retrieve the information in
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heart beats, we developed an algorithm that proceeds in two phases. The first phase consists
in determining the steps of the sequence of pulsing intervals. As mentioned earlier, several
frames are usually taken at the same pulsing interval before the pulsing interval is increased,
so in other words, the sequence of pulsing intervals is a stepwise increasing sequence.
However, due to small variation of the heart rate, frames taken at the same number of heart
beats do not show the exact same relative time. In order to reconstruct the steps of the
sequence, or equivalently, the “transition” frames, i.e. the frames before each step, we
proceed as follows:

1. Consider the sequence of frames F = {fy, f, ..., f,} with corresponding sequence of
relative times T = {ty, to, ..., t,} and normalized differences

h—1 B3—hHh th — -1
D:{dl,dg,...,(1,,4,(1,,}:{ — R L

1 15} In-1

Using a sliding window of size m, compute the standard deviation of the subsets
D;’s of normalized differences and denote s the smallest standard deviation
obtained.

Di={d;, dis1, ... ,dixm-1} C D

sozn})in {S,'ZS,: \/Var(D,-)}

Let F1 be the set of potential transition frames. A frame fj is in Fy if its
corresponding normalized difference is greater than sp.

dizso= fieF,

2. More than one frame was taken at each pulsing interval, so for each group of
consecutive potential transition frames, keep in Ft the frame with higher
normalized difference and take all the other ones out of the set.

(di,....disk, € Fy and djy=max{d,, ..., disr}) = diizi, € F,

Denote  the strictly increasing map that defines the frames in Fr: Fr = {f;1), f;(2),
.+, fp)}, with p the size of the set Fr.

3. LetSyj) the step defined by fj) in Fr, i.e. including the frames f(j)+1, ..., fzi+1).
Define ts_; the relative time of a step Sy as the median of the relative times of the
frames contained in it and merge the steps with decreasing relative time with the
previous one.

= S+ 1)=S ()

1. <t
Sz(is1) Sz

4. If imaging was continued beyond the replenishment curve, that is, at the same last
pulsing interval to capture changes in MBV (intensity reflected when the beam
space is fully replenished), ensure that only the last step S;(p) can be of size greater
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than npmax. Otherwise, collapse that step with the following one. The parameter
Nmax 1S the maximum possible length for all the steps but the last one.

T(i+1) = 7() = Amax = S+ 1H=S r()

where 7(0) = 0.

Denote v the map defining the transition frames resulting from the set of steps obtained: Fy
={fva) fv), ---, fyg}, with g the size of the set Fr, and the corresponding steps Svjy and
relative times ts . After identification of the steps of the sequence of frames, the second
phase is to determine hs_ the heart beat of the steps. Based on the relative times tSV(i) and
the knowledge of the heart beat of the last pulsing interval used, the full sequence can’be
estimated as detailed:

1. Estimate HR the heart rate using the last pulsing interval as the ratio of number of
heart beats over corresponding relative time.

hs (p)
HR=—%

Svip)

2. Based on the estimated heart rate, estimate the pulsing interval in heart beats of the
preceding frame as ratio of the heart rate over the relative time of that frame,
rounded to the closest integer. Update the heart rate estimate as weighted mean of
number of heart beats over corresponding relative time of the computed frames.
The weights are taken to fall exponentially from the last estimate with rate «. The
larger a, the more weight is given to recent estimates over older ones.

]

hsﬁil :['HR X ts\'( i)

! hy (k)
HR= ) wy; 7
k=p Svik)

el k—i)

Wii= T e-atkh
=p

3. Repeat 2. till the first frame of the sequence.

For the sequences of our study, a window size m of approximately one sixth of the sequence
length proved to be appropriate. The window size was thus set to m = 20 for the “basal”
sequences (long sequences containing about 120 images each) and to m = 5 for the “30 min
ones (short sequences containing about 30 images each, see section 2.4). The algorithm was
robust to the window size m when set to values up to a forth of the sequence length.
Approximately five frames per pulsing interval were taken for low pulsing interval (P1 =1
and 2) and about three for the other ones. In any case, the number of frames per pulsing
interval did not exceed 8 so the parameter npyax Was set to Nmax = 8. Finally, the parameter a
was set to & = 0.001 such that the current estimate of the heart rate was heavily based on the
past estimates. The conversion of the pulsing interval from relative time to heart beats
remained unchanged for values of o as low as 0.0001. Thus, the pulsing intervals in heart
beats were retrieved for each sequence of images. The ROl mean pixel intensity was then
computed, converted back to acoustic intensity using a scale stored in the TIF file and
plotted against the pulsing interval to obtain the replenishment curve, thus allowing for the
determination of MBV.
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2.4. Hyperinsulinemic euglycemic clamp

The study was approved by the University of Virginia Internal Review Board and performed
at the University of Virginia General Clinical Research Center (GCRC). All subjects gave
informed consent. Twenty-six hyperinsulinemic euglycemic clamp studies were performed
on 17 patients with TIDM (table 1). The clamps performed on the same subject were done
at least six months apart from each other. Long-acting insulin was discontinued 60 hours
prior to the clamp procedure and intermediate acting insulin was discontinued 36 hours prior
to the clamp procedure. Only short or rapid-acting insulin was allowed on the day of the
admission. Subjects were admitted to the University of Virginia GCRC on the evening prior
to study. At 21:30, an overnight insulin infusion consisting of regular insulin (Novolin R,
Novo Nordisk) in 0.9% saline at a concentration of 1:1 was titrated to control the subjects’
blood glucose overnight between 100 and 150 mg/dL by sampling YSI plasma glucose
every 30 min and adjusting the rate of insulin infusion as needed. This was discontinued at
08:30 the following morning at the initiation of the clamp procedure.

At time 0 of the clamp, an insulin infusion was started via a Harvard pump by a 20 mU/kg
priming over 10 minutes followed by a constant 1 mU/min/kg infusion maintained for the
next 120 min as described by [23]. Blood glucose was clamped at basal levels via a variable-
rate infusion of 20% dextrose. Blood samples for total insulin and plasma glucose levels
were taken throughout the study at intervals of at most ten minutes.

CEU was performed with a SONOS 7500 ultrasound system (Philips Medical Systems,
Bothell, WA) and a S3 probe. Imaging was performed in the forearm with an ultrasound
transmit frequency of 1.3 MHz and receive frequency of 3.6 MHz. A 3 mL suspension of
octafluoropropane gas-filled lipid microbubbles Definity (Bristol-Myers Squibb Medical
Imaging, North Billerica, MA) diluted in 57 mL saline and infused at a rate of 1.5 mL/min
was used as the contrast medium. CEU imaging was performed at time 0 and 30 min after
the start of the clamp, yielding a total of 52 sequences of images. Images were obtained at
increasing pulsing interval, from 1 to 20 cardiac cycles, with at least 3 images acquired at
each pulsing interval. The sequences of ultrasound images were digitalized and stored as
TIF files for offline analysis. Capillary recruitment was assessed by MBV and the
acquisition of a sequence of images necessary to estimate MBV takes approximately 5
minutes. Therefore, the first sequence captures capillary recruitment at basal rate of plasma
insulin while the second sequence captures capillary recruitment under hyperphysiological
insulin concentration levels. These two sequences will be denoted as the “basal” and the “30
min” sequence respectively.

2.5. Statistical analysis

One of the clamps was discarded from the analysis as a premature disappearance of the
microbubbles in the solution made the sequence of images unusable, thus leaving 25 clamps
and a total of 50 sequences of images to be analyzed. Because selecting ROIs through the
conventional method is time-consuming and tedious, the systematic ROI selection method
was compared to the conventional method on a subset of the sequences. The subset of
sequences was determined as half the total number of sequences at a time when eight
sequences were not available. Thus, twenty-one out of the 50 sequences were analyzed by
two expert analysts using the conventional method. The resulting MBV were then compared
to those obtained with the systematic method by means of correlation and linear regression.
The sampling distributions of the MBVs were compared using Fisher’s exact tests due to the
small sample size. For all the tests, statistical significance was declared at 0.05.
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3. Results

3.1. ROI selection methods comparison

For the subset of 21 sequences of images, MBV was calculated using the systematic and
conventional ROI selection methods. The ROIs obtained from the systematic method and
the two analysts are represented in fig. 3 for one sequence.

MBYV obtained from the systematic method was compared to MBV obtained from ROIs
selected from analysts 1 and 2. The linear fit between MBV obtained from the systematic
method and from analyst 1 was statistically significant (p < 0.001). The estimates of the
slope and intercept were (expressed as mean * standard error) 1.074+0.130 and 0.289+0.553
respectively. The linear fit between MBV obtained from the systematic method and from
analyst 2 was also statistically significant (p < 0.001). The estimates of the slope and
intercept were 0.988 + 0.130 and 1.139 + 0.552 respectively. The correlations between MBV
derived from the systematic method and from ROIs conventionally selected were very good,
0.88 and 0.87 for analyst 1 and 2 respectively, with corresponding p-values for the t-test of
correlation being different from 0 equal to 0.01 and 0.03 respectively (see fig. 4 and 5).

The MBV values obtained within the conventional method were coherent: the correlation
between ROIs obtained by the two analysts was 0.93 (p < 0.001).

Sample distributions of MBV were constructed using three bins: 0 to 3 dB, 3 to 6 dB and
greater than 6 dB; results are shown in fi. 6. Fisher’s exact tests were performed between the
sample distribution of MBYV obtained from the systematic method and from analyst 1, and
between the sample distribution of MBV obtained from the systematic method and from
analyst 2. As shown in table 2, none of the tests were significant, meaning that the
hypothesis that the MBV values from the systematic method come from the same
distribution as MBVs from analyst 1 or 2 cannot be rejected. The Fisher’s test between
MBVs from analysts 1 and 2 confirms the coherence within the conventional method. These
results provide ground to apply the systematic ROI selection method to measure
microvascular recruitment with CEU.

4. Discussion

4.1. Systematic ROI selection method

We developed a systematic method to select ROI in CEU imaging analysis. The presented
systematic ROI selection method was compared to ROIs obtained from the conventional
method, that is, from analysts hand selecting ROIs for each sequence. Two expert analysts
were asked to perform the task on a subset of our sequences and the MBV values obtained
were compared with each other. Very good correlations were obtained between the
systematic ROI selection method and ROIs selected from both analysts and the linear fits
suggested that a 1:1 relation between the methods could not be rejected at a 0.05 level of
significance. These results indicate that systematic ROI selection in CEU analysis reproduce
state of the art methods, while ensuring speed and reproducibility.

Such systematic methods will allow the analysis to be analyst-independent. The
conventional way to select ROIs requires the analyst to select ROls for each sequence by
hand, implying that conclusions drawn from one analyst might be different from those
reached by another analyst as estimates of tissue perfusion follow the ROI selection.
Systematic methods enable ROISs to be defined consistently across sequences of images and
bypass the subjectivity of analyst-defined ROIs. Furthermore, systematic methods are
reproducible, that is, the same sequence of images will always yield the same ROI and thus
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the same microvascular perfusion assessment. Without systematic methods, the same
sequence analyzed by the same person could yield diferent results.

Moreover, the conventional ROI selection method is time consuming as it requires the
analyst to go through the whole sequence and then draw the region “by hand”. On the
contrary, the ROI is selected within a couple of seconds by the systematic method. The
implementation of a systematic method to select ROI speeds up the analysis of CEU images,
a feature of particular importance in low-energy ultrasound pulse real-time assessment of
tissue perfusion [13]. While high-energy ultrasound destroys the microbubbles, low-energy
pulses make them oscillate nonlinearly with minimal destruction, allowing for real-time
imaging.

Additionally, the systematic method enables ROIs to be composed of several non-adjacent
regions and hence accounts for more capillaries compared to a sole continuous ROI allowed
by existing softwares. As the surface of the ROI is increased, more of the tissues are taken
into account thus providing more robust assessment of microvascular recruitment.

Although we detailed a procedure to define ROI containing capillaries only, based on the
microbubble reapparition time and intensity level of the emitted signal in capillaries versus
larger blood vessels, the procedure can be adapted to other types of tissues (kidney, heart,
brain ...) or to include constraints specific to particular sets of images.

4.2. Insulin-induced capillary recruitment

We apply our method to the analysis of insulin-induced capillary recruitment in TADM
patients. The ROI mean intensity was calculated for both the “basal” and “30 min”
sequences of each clamp using the systematic method. The replenishment curves were then
fitted to all the sequence and the parameters of eq.(1) were estimated. The maximum
intensity value is reached at steady state and is equal to the plateau A. Let us denote t, the
time at which the intensity has reached a% of A, which can be derived from eq.(1) and

expressed in terms of the parameters as: ,= ,l,log( . In particular, the time to reach

A
(1-a/100)(A+c)

95% of the maximum intensity is fos=}log ( i )- It is also known that it takes about 10 to
15 seconds for the blood to flow over 1 cm in capillaries and since the length of the probe is
1.2 cm, it would take on average tayq = 15 x 1.2 seconds for the microbubbles to fill the
whole space covered by the probe and thus the same amount of time for the intensity to
plateau at its maximum value. Values of tgs exceeding 3 x t, g Were deemed unrealistic and
the parameters a, f# and ¢ of sequences for which tgs >3 x tgyq thus considered not reliable to
assess microvascular recruitment; such sequences were removed from the analysis. In total,
eight of the 25 clamps were removed, leaving 17 clamps for the analysis.

The “basal” and “30 min” sequences of images yielded measures of MBV at basal rate of
plasma insulin and at hyperphysiological insulin concentration levels respectively, which we
denote MBVp;551 and MBV3gnmin. The relative change in MBV, in percentage, from the basal
state to the hyperinsulinemic state, was defined as:

MBV 30 i, ~ MBV
AMBV=~———20 252 % 100
MB Vpasal

The mean relative change in MBV was 0.6% and the standard deviation 33.8%. The paired
t-test indicated that the null hypothesis of no relative change in MBV could not be rejected
at a 0.05 level of significance. The effect of insulin on capillary recruitment observed in
healthy patients could not be confirmed in TIDM patients with our dataset. As detailed in
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[23], the variable glucose infusion rate averaged during the steady state of the
hyperinsulinemic euglycemic clamp, denoted M-value and measured in mg/min/kg, is a
measure of the whole-body glucose uptake flux. The M-value of each clamp was computed
over the last 30 min of the clamp when steady state was reached. The M-values ranged from
1.75 to 6.86 mg/min/kg with mean value of 4.31. These values are below the average 7 mg/
min/kg measured in healthy subjects under a euglycemic hyperinsulinemic clamp, but do
agree with the average 4.3+0.6 mg/min/kg obtained for patients with TIDM [24]. This
difference in glucose uptake during a hyperinsulinemic euglycemic clamp in TIDM versus
healthy patients might be related to the action of insulin on the microvasculature. While the
link between increased capillary recruitment and glucose utilization was demonstrated in
healthy patients, further analysis is needed to investigate how capillary recruitment relates to
glucose absorption in TLIDM and how it might affect direct signalling to tissues.

Supplementary Material
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Replenishment curve. A. The thickness of the ultrasound beam is represented as E. At Pl =
0, all the microbubbles are destroyed by the first ultrasound pulse of ultrasound. As the
pulsing interval is increased, more microbubbles reappear. B. The mean intensity within the
ROI is plotted versus the pulsing interval. The parameter A is a measure of MBV.
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Figure 2.

Systematic ROI selection. Let M represents the ROI and pq(i, j) the pixel intensity at position
(i, j) of a frame taken at t heart beats. Initially, all pixels are considered in the ROI, i.e. M(i,
j) = 1 for all pixels. [1] Set M(i, j) = 0 if there exists a frame taken at Pl <2 hb which
intensity at (i, j) exceeds K. [2] Set M(i, j) = 0 if among all frames, the intensity at (i, j)
exceeds K5 at least once. The resulting M is the ROI.
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Systematic and conventional ROI selection. The selected ROI is represented in dark for one
sequence of CEU images. A. Systematic ROI selection methodology. B. ROI selection from

analyst 1. C. ROI selection from analyst 2.
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Figure 4.
Relation between MBYV obtained from the systematic ROI selection method and from ROI

selected from analyst 1.
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Figure 5.

Relation between MBYV obtained from the systematic ROI selection method and from ROI

selected from analyst 2.

Comput Methods Programs Biomed. Author manuscript; available in PMC 2012 May 1.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Chan et al.

counts

MBV

counts

MBV

counts

MBV

Figure 6.

Page 16

Histograms of MBV obtained with different ROI selection method. A. From the systematic
ROI selection method. B. From analyst 1. C. From analyst 2.

Comput Methods Programs Biomed. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Chan et al.

Table 1

Demographic characteristics of the study group

Mean + SD
M/F 13/4
Age (years) 38.3+12.6
Weight (kg) 81.3+13.7
HbA1c (%) 7.7+16

Years since diagnosed TIDM  20.3+11.8
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Table 2

Fisher’s exact tests’ p-values comparing MBV resulting from the systematic ROI selection and selection by
analysts 1 and 2

Analyst1  Analyst 2

Systematic ROl selection 1 0.51
Analyst 1 0.66
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