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Abstract
Purpose The washout rate (WR) has been used in 123I-
metaiodobenzylguanidine (MIBG) imaging to evaluate cardi-
ac sympathetic innervation. However, WR varies depending
on the time between the early and lateMIBG scans. Late scans
are performed at either 3 or 4 hours after injection of MIBG.
The aim of this study was to directly compare the WR at
3 hours (WR3h) with the WR at 4 hours (WR4h).
Methods Wehypothesized that the cardiac count would reduce
linearly between the 3-hour and 4-hour scans. A linear regres-
sion model for cardiac counts at two time-points was generat-
ed. We enrolled a total of 96 patients who underwent planar
123I-MIBG scintigraphy early (15 min) and during the late
phase at both 3 and 4 hours. Patients were randomly divided
into two groups: a model-creation group (group 1) and a clin-
ical validation group (group 2). Cardiac counts at 15 minutes
(countearly), 3 hours (count3h) and 4 hours (count4h) were mea-
sured. Cardiac count4h wasmathematically estimated using the
linear regression model from countearly and count3h.

Results In group 1, the actual cardiac count4h/countearly was
highly significantly correlated with count3h/countearly (r=
0.979). In group 2, the average estimated count4h was 92.8±
31.9, and there was no significant difference between this
value and the actual count4h (91.9±31.9). Bland-Altman anal-
ysis revealed a small bias of −0.9 with 95 % limits of agree-
ment of −6.2 and +4.3. WR4h calculated using the estimated
cardiac count4h was comparable to the actual WR4h (24.3±
9.6 % vs. 25.1±9.7 %, p=ns). Bland-Altman analysis and the
intraclass correlation coefficient showed that there was excel-
lent agreement between the estimated and actual WR4h.
Conclusion The linear regression model that we used accu-
rately estimated cardiac count4h using countearly and count3h.
Moreover, WR4h that was mathematically calculated using the
estimated count4h was comparable to the actual WR4h.

Keywords Cardiac 123I-MIBG imaging .Washout rate .

Cardiac sympathetic innervation . Linear regressionmodel

Introduction

123I-Labelled meta-iodobenzylguanidine (MIBG) cardiac
scintigraphy has played an important role in the evaluation
of heart failure and neurodegenerative disease [1–5]. The
heart-to-mediastinum ratio (HMR) and washout rate (WR)
have been used in MIBG imaging to evaluate cardiac sympa-
thetic innervation. The HMR andWR are known to have good
reproducibility in planar MIBG imaging [6]. Although quan-
titative measurement of cardiac MIBG uptake can be per-
formed using HMR and WR, these indices are considerably
influenced by collimator performance, processing of the re-
gion of interest (ROI) and acquisition conditions [7–10]. In
particular, theWR varies depending on the time from the early
to the late MIBG scan. Late scanning is alternatively
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performed at 3 or 4 h after injection of MIBG [11]. Conse-
quently, the WR derived from different acquisition times can-
not easily be compared. Therefore determination of the differ-
ence between two values is needed to obtain a standardized
WR.

We propose a method for estimating cardiac WR at 4 h
(WR4h) using early (15 min) and late (3 h) planar images. This
method should be useful for the direct comparison of WR at
3 h (WR3h) and WR4h. The aim of this study was to evaluate
the efficacy of the method to compare the actualWR4h with an
estimated WR4h in a group of consecutive patients who
underwent cardiac 123I-MIBG imaging at 15 min, 3 h and 4 h.

Material and methods

Consecutive patients

Consecutive patients (n=98) who underwent early and late
MIBG scans were included in this study. All patients
underwent planar imaging at 15 min, 3 h and 4 h after the
injection of MIBG. Of the 98 patients, 2 were excluded be-
cause of inappropriate time intervals from the 3-h scan to the
4-h scan (27 and 37 min). Since all the patients were retro-
spectively enrolled, we randomly divided the remaining 96
patients into two study groups: group 1 for creation of a re-
gression model (24 men and 24 women), and group 2 for
clinical validation (22 men and 26 women). This study was
performed from May 2010 to April 2011 in Okayama
Kyokuto Hospital, Okayama, Japan. Informed consent was
obtained from all patients before enrolment (in the hospital).
The ethics committee approved this study.

Image acquisition

The anterior MIBG planar image was acquired with a dual-
head gamma camera (Millennium VG; GE Healthcare Japan,
Tokyo, Japan) equippedwith an extended low-energy general-
purpose collimator. MIBG at a dose of 111 MBq was injected
intravenously. An early planar image and two late planar im-
ages were acquired at 15 min, 3 h and 4 h after injection. The
acquisition time was approximately 3 min in both the early
and late scans. Planar imaging was performed with a 256×256
matrix. A photopeak window of 123I was centred at 159 keV
with a 20 % energy window.

Image analysis

Cardiac count, mediastinal count, HMR and WR were calcu-
lated using dedicated software (smartMIBG; FUJIFILM RI
Pharma, Tokyo, Japan) [8, 10]. The cardiac count was calcu-
lated with a circular ROI set manually at the centre of the
heart. Using the size and position of the cardiac ROI, a

rectangular mediastinal ROI was automatically determined
in the upper mediastinum. Cardiac and mediastinal counts
were provided as the mean count per pixel. HMR was
expressed as the cardiac count divided by the mediastinal
count. WR was expressed as the decrease in cardiac count
between the early and late images divided by the cardiac count
in the early image, and expressed as a percentage. The cardiac
and mediastinal counts in the late image were mathematically
corrected for decay using the time between the early and late
scans. Using the mediastinal count as the background, WR
with background correction was calculated by subtracting
the background from the cardiac count, as proposed by the
EANM Cardiovascular Committee and the European Council
of Nuclear Cardiology [12].

Estimation of WR4h

TheWR4h was estimated using cardiac and mediastinal counts
in the early and 3-h images as follows:

1) In group 1, cardiac and mediastinal counts/pixel were
measured. Counts at 3 h (count3h) and 4 h (count4h) were
divided by the early counts (countearly). Time-decay cor-
rection was used for the compensation of radioactive
decay.

2) A linear regression line for the relationship between car-
diac count3h and count4h was generated using the follow-
ing equation:

count4h
countearly

¼ a � count3h
countearly

þ b

∴count4h ¼ a� count3h þ b� countearly

where the variables a and b denote the slope and the y-
intercept, respectively. A linear regression line for the medi-
astinal count was also generated.
3) WR4h was calculated using the following equation:

WR4h ¼ Hearly−H4h

Hearly

¼ − a� H3h

Hearly
þ b−1

� �

where the variables Hearly, H3h and H4h denote the cardiac
countearly, count3h and count4h, respectively. WR4h with back-
ground correction was also calculated using the following
equation:

WR4h withbackground correctionð Þ ¼ Hearly−Mearly

� �
− H4h−M4hð Þ

Hearly−Mearly

� �
¼ − a� H3h−M3h

Hearly−Mearly
þ b−1

� �

where the variables Mearly, M3h and M4h denote the medi-
astinal countearly, count3h and count4h, respectively.
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Statistical analysis

All continuous values are expressed as means ± standard
deviation. Student’s t test was used to analyse the differ-
ences among continuous variables. To analyse the differ-
ences between count3h and count4h, a paired t test was
used. Linear regression analysis was used to define the
relationship between two continuous variables. The chi-
squared test was used to compare the differences in cate-
gorical variables between groups. A one-way repeated
measures analysis of variance was used to compare WRs
among no correction, time-decay correction, and time-
decay and background corrections. If the overall ANOVA
was significant, then pair-wise comparisons were per-
formed using the Bonferroni factor to correct the p values.
Intraclass correlation coefficient (ICC) and Bland Altman
analysis were used for the assessment of agreement. All
statistical tests were two-tailed, and p values <0.05 were
considered significant. These analyses were performed
using MedCalc version 14.12.0 (MedCalc Software bvba,
Ostend, Belgium) and JMP version 11.2.1 (SAS Institute
Inc., Cary, NC).

Results

HMR and WR

The time intervals between scans, HMR andWR are shown in
Table 1. The mean time interval between the 3-h and 4-h scans
was 62±6 min in group 1 and 61±7 min in group 2 (p=ns).
Both WR and HMR did not differ between the two groups
(p=ns). When the time-decay correction and background cor-
rection were used for calculatingWR,WR4h was significantly
greater thanWR3h (p<0.0001; Fig. 1a). HMRwas significant-
ly decreased in accordance with the time after the injection of
MIBG (p<0.01; Fig. 1b).

Relationship between count3h and count4h

The relationship between count3h and count4h is shown in
Fig. 2. Cardiac count4h divided by countearly was positively
correlated with cardiac count3h divided by countearly (count4h/
countearly=1.039×count3h/countearly − 0.067, r=0.979,
p<0.0001; Fig. 2a). Mediastinal count4h divided by countearly
was also positively correlated with mediastinal count3h divid-
ed by countearly (count4h/countearly=0.967×count3h/countearly
− 0.003, r=0.892, p<0.0001; Fig. 2b). Bland-Altman analysis
revealed that the mean of the difference between count4h/
countearly and count3h/countearly was −0.04 for the cardiac re-
gion and −0.03 for the mediastinal region (Fig. 2c, d).

Estimated count and actual count

The mean of the actual count4h and estimated count4h
was 91.9±31.9 and 92.8±31.9 in the cardiac region, re-
spectively (p=ns), and 47.6±8.4 and 47.4±8.3 in the
mediastinal region, respectively (p=ns). In the linear re-
gression there was a positive association between the
actual and estimated counts in both the cardiac region
(Fig. 3a) and the mediastinal region (Fig. 3b). In the
Bland-Altman analysis there was a bias of −0.9 with
95 % limits of agreement of −6.2 to +4.3 in the cardiac
region (Fig. 3c), and a bias of 0.1 with 95 % limits of
agreement of −2.7 to +3.0 in the mediastinal region
(Fig. 3d). The ICC showed excellent agreement between
the actual and estimated counts in the cardiac region
(ICC(2,1)=0.996) and in the mediastinal region (ICC(2,
1)=0.985).

Estimated WR and actual WR

The average estimated WR4h with time-decay correction
was not different from the actual WR4h (24.3±9.6 % vs.
25.1±9.7 %, p=ns). Similarly, the average estimated
WR4h with time-decay and background corrections was
also not different from the actual WR4h (32.9±22.9 %
vs. 34.8±23.0 %, p=ns). The correlation coefficients of
the linear regression lines ranged from 0.970 to 0.978
(Fig. 4a, b). The ICC showed excellent agreement

Table 1 Time intervals between scans, HMR andWR in Groups 1 and
2

Group 1 Group 2 p value

Men/women 24/24 22/26 ns

Mean age (years) 78.5±9.4 77.5±8.2 ns

Time interval between scans (min)

Early to late 3 h 163±5 165±6 0.039

Early to late 4 h 224±5 226±6 ns

Late 3 h to late 4 h 62±6 61±7 ns

Heart-to-mediastinum ratio

Early scan 1.96±0.45 2.03±0.44 ns

3-h scan 1.88±0.56 1.97±0.57 ns

4-h scan 1.86±0.57 1.93±0.56 ns

Washout rate (%)

With time decay correction

WR3h 22.22±8.76 20.64±9.22 ns

WR4h 25.94±9.29 25.08±9.74 ns

With time decay and background corrections

WR3h 32.23±22.61 28.33±21.54 ns

WR4h 36.99±23.54 34.78±23.03 ns

Group 1 was used for creation of a regression model, and Group 2 was
used for clinical validation
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between the actual and estimated WRs with time-decay
correction (ICC(2,1)=0.972), and with time-decay and
background corrections (ICC(2,1)=0.967). In the Bland-
Altman analysis there was good agreement between the
estimated WR4h and the actual WR4h with time-decay
correction (bias 0.8, 95 % limits of agreement −3.2 to +
4.7), and with both time-decay and background correc-
tions (bias 1.8, 95 % limits of agreement −9.2 to +12.9;
Fig. 4c, d).

Discussion

We designed this clinical MIBG study to develop a
method for estimating WR4h using early and 3-h planar
images. Our results showed that the estimated WR4h was
equivalent to the actual WR4h. This approach has the
potential to allow direct comparison of WR3h and
WR4h, and to standardize quantification of the WR in
cardiac MIBG imaging.

Fig. 2 Linear regression analysis
of the relationship between
count3h and count4h, and the
agreement between count3h and
count4h by Bland-Altman
analysis. The Bland-Altman
analysis shows no correlation
between the mean and difference
in the heart region (r=0.281,
p=ns) or the mediastinal region
(r=0.178, p=ns)

Fig. 1 Late 3-h (black bars) and
4-h WRs (white bars), and HMRs
in the early and late scans in the
96 patients. Time-decay
correction and time-decay and
background corrections were
used for calculatingWR. The start
time of the early and late scans
influenced WR and HMR values
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Fig. 3 Regression and agreement
analysis of the relationship
between the actual and estimated
counts at 4 h in the heart and
mediastinal regions. The Bland-
Altman analysis shows no
correlation between the mean and
difference in the heart region
(r=0.000, p=ns) or the
mediastinal region (r=0.062,
p=ns)

Fig. 4 Regression and agreement
analysis of the relationship
between the actual WR4h and
estimated WR4h. Time-decay
correction and both time-decay
and background corrections were
used in calculating WR. The
Bland-Altman analysis shows no
correlation between the means
and differences in the actual
WR4h and estimated WR4hwith
time-decay correction (r=0.074,
p=ns) or with time-decay and
background corrections
(r=0.030, p=ns)
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Cardiac kinetics of MIBG

The cardiac kinetics of MIBG after clearance of the ini-
tial nonneuronal uptake can be characterized by the
equation: A(t) = A0e

−0.693t/T, where A0 is the cardiac up-
take of MIBG in the initial phase, and T is the half-time
of the washout [13]. We calculated the cardiac count4h/
count3h (count4/3) using this equation as follows:
count4/3(T)= A(4)/A(3) = e0.693T. Glowniak et al. found
an average T value of 19.0±11.8 in six cardiomyopathy
patients and 7.98±4.2 in eight normal controls [14]. The
count4/3 for cardiomyopathy patients (T=19.0) and
normal controls (T=7.98) were calculated as 0.982 and
0.958, respectively. We suspect that the changes in
cardiac kinetics of MIBG at the two late time-points
would be limited, even in cardiomyopathy patients and
normal controls. Moreover, the slope of the linear
regression line between cardiac count3h and count4h
was 0.971 in our consecutive 96 patients, showing a
similar tendency to the count4/3 values (0.982 and
0.958).

WR with and without time-decay correction
and background correction

Regarding the WR calculation using early and late images, we
employed time-decay correction and background correction
based on the proposed standardization of MIBG for cardiac
sympathetic imaging [12]. We sought to determine experi-
mentally the effect of these corrections in our preliminary
study (Fig. 5). Decreasing kurtosis associated with back-
ground correction was observed in both WR3h and WR4h.
Concerning the choice of the corrections for the image analy-
sis, we suggest that time-decay correction would be useful
based on histogram distribution.

WR3h and WR4h

WR4h was significantly higher than WR3h in our consecutive
patients. Regarding normal WR values with time-decay cor-
rection in previous studies, Yoshita et al. found a WR3h of
15.1±7.4 % in 10 normal volunteers [15], Lorberboym et al.
found a WR4h of 21±8 % in 7 normal volunteers [16], and
Somsen et al. found a WR4h of 23±6.4 % in 25 normal vol-
unteers [17]. The normal WR4h in these studies was also
higher than WR3h. Standardization of the time between early
and late scans is necessary to compare normal WRs derived
under different acquisition conditions. Furthermore, since we
hypothesize that WR linearly increases between 3 h and 4 h,
WR at any arbitrary time between 3 h and 4 h can be calcu-
lated by linear interpolation.

Study limitations

Although both WR3h and WR4h can reasonably be used to
evaluate cardiac sympathetic nerve activity, we used only
WR4h as a standard index of cardiac WR in this study. Since
our method can also be used to estimate WR3h from countearly
and count4h, WR3h can also be estimated. The regression line
for the estimation of WR4h was determined from the count

Fig. 5 WR3h (a) and WR4h (b) values with and without time-decay
correction and background correction. Histograms were generated from
the 96 consecutive patients (group 1+group 2). WR decreased with time-
decay correction, but increased with background correction compared
with WR with no correction (p<0.001). The histogram for WR with
time-decay correction shows a narrower distribution (less kurtosis) than
the histogram with background correction. The coefficient of variation of
WR with time-decay correction was less than that with background
correction and that with time-decay and background corrections (WR3h

42 %, 48 % and 73 %, respectively; WR4h 37 %, 40 % and 65 %,
respectively)
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statistics within the cardiac and mediastinal ROIs. Therefore,
patients with severe myocardial sympathetic nerve dysfunc-
tion, such as those with dementia with Lewy bodies and severe
heart failure, frequently show cardiac MIBG uptake so low
that our method may not provide a reliable estimate of
WR4h. However, inaccuracy in the determination of WR in
patients with very low cardiac uptake is inherent in the calcu-
lation of WR, and high WR is usually calculated by the sub-
traction of background. Since our results are based on a single-
centre study, further clinical validation of our method is need-
ed in a multicentre study.

Conclusion

Using the linear regression model for the relationship between
count3h and count4h, WR4h estimated from countearly and
count3h accurately corresponded with actual WR4h in consec-
utive patients. This methodology would make it possible to
directly evaluate WR3h and WR4h, and to provide WR of
intermediate timing between 3 and 4 h. With further clinical
validation, the estimation method could be applied to deter-
mine a standardized WR value in multicentre studies using
123I-MIBG scintigraphy.
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