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Abstract
Objectives To (a) evaluate the interpolation frames of frame rate conversion (FRC) compared with fluoroscopic frames of
conventional method, and (b) compare radiation dose and fluoroscopy time between various clinical examinations without
and with FRC retrospectively.
Methods This study consisted of a basic study and a clinical retrospective analysis. The radiation dosimetry, visual assessment
and measurements of contrast to noise ratio were examined. Similarity between interpolation frames and fluoroscopic frames was
evaluated using normalised cross-correlation values. In the clinical retrospective analysis approved by the institutional review
board, we extracted 270 examinations performed without FRC (conventional group, 12.5 pulses/s) and with FRC (FRC group,
6.25 pulses/s) from 23 May to 31 December 2016. The fluoroscopy parameters and demographics of the two groups of the
clinical examinations were compared. Statistical analyses were performed with Wilcoxon signed-rank test, Brunner–Munzel test
and χ2 test.
Results In the basic study, the only significant difference was that the radiation dose of FRC was approximately half that of the
conventional method in the same fluoroscopy time (p = .031). The interpolation frames of FRC were similar to the fluoroscopic
frames of the conventional method. In the clinical retrospective analysis, the only significant difference was that FRC reduced the
fluoroscopy dose by 48% and the total dose by 31% compared with the conventional method (p < .001). There was no significant
difference in the others.
Conclusion FRC significantly reduced the radiation dose without extending the fluoroscopy time and maintaining the image
quality compared to the conventional method.
Key Points
• Although X-ray fluoroscopic techniques are widely used for various clinical purposes, X-ray fluoroscopic examinations have
radiation risks.

• Frame rate conversion is an image processing technique for radiation dose reduction.
• Clinical retrospective analysis showed that FRC reduces radiation doses of patients.
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Abbreviations
CNR Contrast to noise ratio
DAP Dose area product

FPD Flat panel detector
FRC Frame rate conversion
NCC Normalised cross-correlation

Introduction

X-ray fluoroscopic techniques are widely used for various
clinical purposes. However, some reports on radiation risks
have reported an increase of cancer risk from X-ray
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examinations [1]. Radiation-induced skin injuries from angi-
ography have been reported [2, 3]. Therefore, radiation dose
reduction is an important issue in X-ray fluoroscopic exami-
nations. A nationwide survey was launched to establish na-
tional reference levels for dose-intensive procedures [4].
Techniques and tactics for managing radiation dose have been
reported [5], including reports of fluoroscopy dose reduction
with a flat panel detector (FPD) system [6–8].

The image processing technique of frame rate conversion
(FRC) was recently developed in X-ray fluoroscopic exami-
nations for the reduction of radiation dose. The conventional
X-ray systems generate a series of fluoroscopic images at the
same frame rate as the X-ray pulse. Frame rate conversion,
however, provides images at a frame rate twice the X-ray
pulse rate by interpolating from two consecutive fluoroscopic
images. For example, when an X-ray pulse rate is 6.25 pulses
per second (p/s), the FRC provides 12.5 frames per second
images. These interpolation frames are created on the basis of
a motion tracking technique that detects the vector of the mo-
tion of objects. However, there are no reports on the basic
evaluation of interpolation images obtained by FRC and the
reduction of radiation dose using FRC in X-ray fluoroscopic
examinations. We hypothesised that FRC would reduce the
radiation dose in X-ray fluoroscopic examinations without
extending the fluoroscopy time. The primary aim of this study
was to evaluate the interpolation frames of the FRC method
compared with the fluoroscopic frames of the conventional
method. Our secondary purpose was to retrospectively com-
pare radiation dose and fluoroscopy time between various
clinical examinations with and without FRC.

Materials and methods

Our institutional review board approved the clinical retrospec-
tive analysis, and informed consent was waived. The informa-
tion of this study was posted on our institutional website, and
we informed all patients of their right to opt out. The study
consisted of the basic study and a clinical retrospective analysis.

Equipment

X-ray fluoroscopic imaging systems with FPD including FRC
as an image processing technique (EXAVISTA, Hitachi Ltd.
Healthcare Business Unit) were used in this study. Figure 1
shows the concept of FRC. The range of the usable tube volt-
age was 40–125 kVp and that of the tube current was 0.1–8.0
mA/s. Each pixel size was 139 × 139 μm. A filter (0.05 mmAl
and 0.15 mmCu) and anti-scatter grid (grid ratio, 8:1) were
used. The focus–detector distance was 120 cm. The system
had a maximum field of view (FOV) of 42 × 42 cm with four
magnification modes of 42 × 42 cm, 32 × 32 cm, 26 × 26 cm
and 21 × 21 cm. In the basic study, the magnification mode of

32 × 32 cm was used. The shutter size remained fully open
and that was not changed. In the clinical retrospective analy-
sis, physicians selected appropriate magnification modes and
then adjusted the shutter size during the clinical examinations.

Basic study

The basic study was divided into radiation dosimetry, assess-
ment of image quality with a technical phantom and assessment
of similarity between interpolation frames and fluoroscopic
frames. We used multiple phantoms as follows: a dosimetry
phantom, a spatial resolution phantom, a contrast resolution
phantom and a contrast agent injected into a bottle phantom.

Radiation dosimetry

We measured the radiation dose of the conventional method
(12.5 p/s) and FRC (6.25 p/s) using an ionisation chamber
dosimeter (model 9015, Radcal Corporation) with a 6 cm3

thimble ionisation chamber (10X5-6, Radcal Corporation)
on 20 stacked acrylic plates (340 × 340 × 10 mm) on an X-
ray table. The ionisation chamber was calibrated within 6
months. Fluoroscopy was performed manually by an author.
Each measurement time was 30 s. All measurements of radi-
ation dose were repeated six times for each protocol, and the
six repeated measurements were averaged.

Assessment of image quality with a technical
phantom

We used a technical phantom including high resolution line
pairs (0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, 2.5,
2.8, 3.1, 3.4, 3.7, 4.0, 4.3, 4.6, 5.0 line pairs/mm) and low
contrast objects (Primus L, IBA Dosimetry GmbH) for the
evaluation of image quality [7]. The technical phantom was
placed on the centre of the X-ray table. The X-ray tube was
movedmanually from the end of the X-ray table until the X-ray
tube passed through the technical phantom on the centre of the
X-ray table. Fluoroscopy of the conventional method (12.5 p/s)
and FRC method (6.25 p/s) were performed with the moving
X-ray tube (velocities of 5, 7 and 9 cm/s). The fluoroscopy was
repeated consecutively six times, and we obtained data sets of
the conventional method and FRC method. Each frame of the
technical phantom on the centre of FOV in each data set was
targeted for the evaluations of image quality. The fluoroscopic
frames of the conventional method and the interpolation frames
of the FRC method were compared. Figure 2 shows the tech-
nical phantom including high resolution line pairs and low
contrast objects. Two observers visually assessed spatial reso-
lution using line pairs on the phantom. The two observers were
asked to select the minimum lines that could be seen separately.
The data sets were randomised in order and independently
evaluated by the two observers. To evaluate the image contrast,
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the contrast to noise ratio (CNR) of a low contrast circular
object at a depth of 2.4 mm in the technical phantom was
measured at each data set. Regions of interest (ROI) were set
on the inside and outside of the low contrast object by one
author. In each data set, the CNR was calculated by dividing
the contrast (the difference between the mean of the ROI inside
and outside the low contrast object) by the standard deviation
of the ROI outside the low contrast object.

Assessment of similarity between interpolation
frames and fluoroscopic frames

A contrast agent (concentration 370 mgI/mL, Gastrografin,
Bayer) was filled in a syringe and manually injected into a
water-moistened gauze placed in a polyethyleneterephthalate
bottle under fluoroscopy. The fluoroscopy was performed
with the conventional method (12.5 p/s) at just one time.
From the data of the conventional method (12.5 p/s), we
generated data for a conventional method (6.25 p/s) by
extracting even frames with the aid of the manufacturer.
Moreover, we obtained data for FRC (6.25 p/s) by apply-
ing FRC to the data of the conventional method (6.25 p/
s). The data of the conventional method (12.5 p/s) and the
data of the FRC method (6.25 p/s) were compared. The
similarity between two methods was evaluated by normal-
ised cross-correlation (NCC) values representing the sim-
ilarity between the two images [9–11]. We calculated the
NCC values between the two methods at each frame, and
we examined the characteristics of FRC compared with
those of the conventional method graphically and quanti-
tatively. The range of NCC values is from – 1.0 to 1.0.
The higher the similarity between the two images, the
closer the NCC value is to 1.0. We identified the fluoro-
scopic or interpolation frame depending on whether the
frame number was even or odd. The first frame is always
a fluoroscopic frame in FRC, and the fluoroscopic frames
and interpolation frames are displayed alternately.
Therefore, the interpolation frame is displayed when the
frame number is even, and the fluoroscopic frame is
displayed when the frame number is odd.

Clinical retrospective analysis

We extracted examinations performed without FRC (conven-
tional group, 12.5 p/s) and with FRC (FRC group, 6.25 p/s)
from 23 May 2016 to 31 December 2016. Exclusion criteria

Fig. 2 Technical phantom including high resolution line pairs and low
contrast objects. Fluoroscopy was performed on a technical phantom on
an X-ray table with a moving X-ray tube (velocity, 5, 7 and 9 cm/s) by
both the conventional method (12.5 p/s) and by FRC (6.25 p/s). a High
resolution line pairs with conventional method (velocity, 9 cm/s), b high
resolution line pairs with FRC (velocity, 9 cm/s), c low contrast objects
with conventional method (velocity, 9 cm/s) and d low contrast objects
with FRC (velocity, 9 cm/s). The arrows in c and d indicate the targeted
low contrast object for the evaluation of CNR

Fig. 1 Concept of frame rate
conversion. Frame rate
conversion provides images at a
frame rate twice the X-ray pulse
rate by interpolation of two con-
secutive fluoroscopic images. For
example, when the X-ray pulse
rate is 6.25 pulses per second (p/
s), frame rate conversion provides
12.5 frames per second images.
These interpolation frames are
created on the basis of a motion
tracking technique that detects the
vector of the motion of objects
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were (a) examinations with changed fluoroscopy conditions
during the examination (e.g. from FRC with 6.25 p/s to con-
ventional method with 12.5 p/s); (b) lack of patient informa-
tion (e.g. examination of patients who did not measure their
height); (c) examinations where multiple procedures were
performed (e.g. patients who had two nerve root blocks at
the same time) and (d) examinations of patients who request-
ed not to use their own data. Table 1 shows the demographic
characteristics of the 270 extracted clinical examinations.
Multiple physicians performed the procedures, because many
kinds of clinical examinations were included. Although using
FRC was expected to reduce radiation exposure by about a
half, it involves delaying the display of fluoroscopic images
by one frame as a result of image processing. Physicians were
instructed about the characteristics of FRC and they were
allowed to select the conventional method or the FRC meth-
od. They were also able to switch the method during the
examinations. The conventional method was used if the radi-
ology technologist on duty did not understood the character-
istics of FRC. Gastroenterologists used the conventional
method in clinical examinations where catheters must be ma-
nipulated f inely, such as endoscopic retrograde
cholangiopancreatography. We compared the fluoroscopy
time, cumulative dose area products (DAP) of fluoroscopy,
number of radiographs (defined as radiographies performed
during each examination), cumulative DAP of radiography
and cumulative total dose (sum of fluoroscopy and radiogra-
phy) between the conventional group and FRC group.

Statistical analysis

To compare the radiation dose and image quality between the
conventional method and FRC, we used theWilcoxon signed-
rank test. Interobserver agreement was evaluated by weighted
κ statistics in visual assessment [12]. The Brunner–Munzel
test was used in the clinical retrospective analysis, because
the F test did not show the equality of variances. The demo-
graphic characteristics of the clinical retrospective analysis
were analysed by the Brunner–Munzel test or χ2 test. In all
statistical analyses of this study, a P value less than .05 was
considered significant. The Wilcoxon signed-rank test and χ2

test were used in commercially available software (JMP Pro
9.0.2, SAS Institute) as was the Brunner–Munzel test
(BellCurve for Excel ver. 2.00, Social Survey Research
Information Co., Ltd.).

Results

Basic study

Radiation dosimetry

The mean cumulative fluoroscopy doses of the conventional
method and FRC were 2.24 and 1.09 mGy, respectively. The
standard deviations of the conventional method and FRCwere
0.02 and 0.01 mGy, respectively. The difference in cumulative

Table 1 Demographics of
clinical retrospective analysis Parameter Conventional group

(n = 111)
FRC group (n = 159) p value

Age (year) 64.7 ± 13.4 (11–82) 64.1 ± 14.5 (11–94) .81

Sex .77

No. of male 80 112

No. of female 31 47

Height (m) 1.62 ± 0.13 (0.67–1.88) 1.62 ± 0.12 (0.67–1.83) .84

Weight (kg) 58.1 ± 13.6 (31.6–112) 59.5 ± 13.1 (22.1–92) .35

Body mass index (kg/m2) 22.9 ± 11.9 (15.7–141) 23.1 ± 10.2 (11.9–141) .37

Type of examination .59

Upper gastrointestinal series 29 34

Urography 22 35

Fistulography 20 24

Nerve root block 10 21

Myelography 9 22

Small bowel series 11 15

Joint dislocation reduction 1 1

Examination such as removing ileus tube 9 7

Data are mean ± standard deviation and data in parentheses are range. P values are a comparison between
conventional group and FRC group calculated by the Brunner–Munzel test or χ2 test

FRC frame rate conversion
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fluoroscopy dose between the conventional method and FRC
was significant (p = .031).

Assessment of image quality with a technical phantom

Table 2 shows the results of the visual assessment for spatial
resolution using high resolution line pairs at each X-ray tube
velocity. Table 3 shows the results of measurements of CNR
for the evaluation of image contrast at each X-ray tube veloc-
ity. For the visual assessment and measurements of CNR,
there was no significant difference between the conventional
method and FRC at any X-ray tube velocity (p > .05). The
interobserver agreement of visual assessment had a weighted
κ value of 0.99.

Assessment of similarity between interpolation frames
and fluoroscopic frames

Figure 3 shows the fluoroscopic frames of the conventional
method and the interpolation frames of FRC at frame numbers
of 140 and 290. Figure 4 shows a graph of the NCC values at
each frame number. Odd frames were frames obtained by X-
ray pulses, and even frames were frames synthesised by inter-
polation. The mean and standard deviation of NCC values at
odd frame numbers (fluoroscopic frames of conventional
method vs fluoroscopic frames of FRC) were 0.90 and 0.03,
respectively. The mean and standard deviation of NCC values
at even frame numbers (fluoroscopic frames of conventional
method vs interpolation frames of FRC) were 0.79 and 0.04,
respectively. The mean and standard deviation of NCC value
at all frames was 0.84 and 0.06, respectively.

Clinical retrospective analysis

Table 4 shows the results of comparisons of the conventional
method and FRC in clinical retrospective analysis. There were
significant differences in cumulative DAP of fluoroscopy and
cumulative total dose between the conventional group and the

FRC group (p < .001). Compared to the conventional method,
FRC reduced the fluoroscopy dose by 48% and the total dose
by 31%. There was no significant difference in the height,
body weight, body mass index, fluoroscopy time, number of
radiographs and cumulative DAP of radiography (p > .05).

Discussion

The radiation dose of FRC was approximately half that of the
conventional method in the same fluoroscopy time. This is
attributed to the fact that the frequency of X-ray irradiation
of FRC is half that of the conventional method. It was as-
sumed that fluoroscopy time was not exactly identical be-
tween the two methods, because the fluoroscopy was per-
formed manually. Therefore, the radiation dose of FRC was
not exactly half of that of the conventional method. With re-
gard to the image quality with the technical phantom, FRC
maintained spatial resolution and image contrast. In the as-
sessment of similarity between frames obtained by the con-
ventional method and FRC using NCC values, the interpola-
tion frames of FRC showed high similarity. However, even
comparisons between fluoroscopic frames of the conventional
method and fluoroscopic frames of FRC did not match entire-
ly (NCC value was not 1.0), because the results of the image

Table 2 Visual assessment for
spatial resolution using high
resolution line pairs at various x-
ray tube velocities

Velocity of X-ray tube Conventional method FRC method p value

Observer 1 5 cm/s 1.40 ± 0.00 LP/mm 1.37 ± 0.07 LP/mm 1.00

7 cm/s 1.30 ± 0.10 LP/mm 1.20 ± 0.00 LP/mm .25

9 cm/s 1.23 ± 0.07 LP/mm 1.20 ± 0.00 LP/mm 1.00

Observer 2 5 cm/s 1.40 ± 0.00 LP/mm 1.40 ± 0.12 LP/mm 1.00

7 cm/s 1.37 ± 0.07 LP/mm 1.27 ± 0.09 LP/mm .25

9 cm/s 1.37 ± 0.07 LP/mm 1.20 ± 0.00 LP/mm .63

Data are mean ± standard deviation. P values are a comparison between conventional group and FRC group
calculated by the Wilcoxon signed-rank test

FRC frame rate conversion LP/mm line pairs per millimetre

Table 3 Evaluation of image contrast using CNR at various X-ray tube
velocities

Velocity of X-ray tube Conventional method FRC method p value

5 cm/s 0.71 ± 0.18 0.73 ± 0.17 .44

7 cm/s 0.78 ± 0.20 0.82 ± 0.03 .84

9 cm/s 0.81 ± 0.23 0.93 ± 0.27 .31

Data are value of CNR and mean ± standard deviation. P values are a
comparison between conventional group and FRC group calculated by
the Wilcoxon signed-rank test. The depth of the targeted low contrast
object was 2.4 mm

FRC frame rate conversion
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processing technique based on motion tracking were different
because of the different X-ray exposure intervals of the two
methods (conventional method, 12.5 p/s; FRC, 6.25 p/s). The
NCC value of odd frame numbers (fluoroscopic frames of
conventional method vs fluoroscopic frames of FRC) was
higher than that of the even frame numbers (fluoroscopic
frames of conventional method vs interpolation frames of
FRC), because the interpolation frames were created on the
basis of the fluoroscopic frames of FRC whose NCC value
was 0.90. For example, the maximum NCC value of an inter-
polation frame created by two fluoroscopic frames with NCC
values of 0.90 would be 0.81. Therefore, our data suggested
that the FRC image processing technique to interpolate frames
was working properly, and the interpolation frames of FRC
were similar to the fluoroscopic frames of the conventional
method. Our basic study results indicated that FRC can per-
form X-ray fluoroscopy and maintain image quality with half
the fluoroscopy dose of the conventional method with identi-
cal fluoroscopy times.

Clinical retrospective analysis showed no significant
difference in the demographic characteristics including
age, sex, height, weight, body mass index and type of ex-
amination between the two groups (Table 1). It was as-
sumed that the difference in physique between the two
groups did not affect the fluoroscopy dose and radiography
dose, and there was little bias based on demographic char-
acteristics in the study. The number of FRC X-ray expo-
sures was half that of the conventional method, because the
fluoroscopy time was not increased by using FRC.
Therefore, FRC reduced the fluoroscopy dose by 48%.
There was no significant difference in the radiography ra-
diation dose between the two groups, because the number
of radiographs was not increased by using FRC. The mean
radiography dose of FRC group was higher than that of the
conventional group, although the difference was not sig-
nificantly. This is attributed to the large difference of the
maximum radiography dose between the two groups. It
was assumed that the large maximum radiography dose
of FRC group raised the mean radiography dose of FRC
group. As a result, FRC reduced the total dose by 31% by
decreasing the fluoroscopy dose without increasing the ra-
diography dose.

Several investigations demonstrated that a new C-arm im-
aging platform consisted of optimised acquisition parameters
and several real-time image processing algorithms reduced
radiation exposure while maintaining image quality [13–15].
These reports focused on digital fluoroscopy, digital subtrac-
tion angiography or cone beam computed tomography in di-
agnostic and interventional neuroradiological procedures, or
transarterial chemoembolisation. The approaches of radiation
dose reduction, X-ray fluoroscopy imaging systems and type
of subjects are different from our study. If these techniques can
coexist, further dose reduction is expected to be achieved.

Fig. 3 Images of fluoroscopic frames and interpolation frames. A contrast
agent (concentration 370 mgI/mL, Gastrografin, Bayer) was filled in a
syringe and manually injected into a water-moistened gauze placed in a
polyethyleneterephthalate bottle under fluoroscopy (12.5 p/s). a A fluo-
roscopic frame obtained by the conventional method (12.5 p/s) at frame
number 140, b an interpolation frame obtained by the FRC (6.25 p/s) at
frame number 140, c a fluoroscopic frame obtained by the conventional
method (12.5 p/s) at frame number 290 and d an interpolation frame
obtained by FRC (6.25 p/s) at frame number 290

Fig. 4 Assessment of similarity between frames obtained by
conventional method and FRC using NCC values. The range of NCC
values is from – 1.0 to 1.0. The higher the similarity between the two
images, the closer the NCC value is to 1.0. The interpolation frames of
FRC showed high similarity. Closed circles, odd frame numbers
(fluoroscopic frames in conventional method vs fluoroscopic frames in
FRC). Crosses, even frame numbers (fluoroscopic frames in conventional
method vs interpolation frames in FRC)
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This study had several limitations. First, only one compar-
ison of the conventional method with 12.5 p/s and FRC with
6.25 p/s was evaluated. One investigation demonstrated that
radiation risks of paediatric patients should not be disregarded
in voiding cystourethrography [16], and the radiation dose
reduction in paediatric patients is an important issue in X-
ray fluoroscopic examinations. We were not able to include
the paediatric population, because the number of paediatric
cases was small. It is desirable to investigate the efficacy of
FRC at lower X-ray pulse rates such as FRC with 3.125 p/s.
Second, clinical examinations to finely move catheters such as
endoscopic retrograde cholangiopancreatography were not in-
cluded in our clinical retrospective analysis. Frame rate con-
version was not applied to such clinical examinations in our
institution, because the display of FRC fluoroscopic images
on the monitor was delayed by one frame because of the
principle of the image processing. Further consideration will
be needed to evaluate the effect of the FRC display delay time.
Third, in our clinical retrospective analysis, the extracted clin-
ical examinations were performed by different physicians and
radiology technologists. Our results may include the variabil-
ity caused by the different experience and techniques of phy-
sicians or fluoroscopy dose reduction techniques of radiology
technologists. Fourth, the determination of the protocol was
not randomised in the clinical retrospective study, because this
was a retrospective analysis. Although the demographic char-
acteristics of our study showed the similarity of the two
groups, our study was not able to deny the possibility of con-
founding factors. Fifth, the anterior-posterior lengths of pa-
tients were not measured, although our results showed the
similarity of the physique of the patients between the two
groups. The anterior-posterior length of the patient is an im-
portant factor, because the more X-rays would be used in
order to generate an image for a thicker patient than for a
thinner one. Sixth, we did not assess the radiation exposure
of physicians. On the basis of our results, however, FRC is
expected to reduce the radiation exposure to the clinician and
the interventional radiologist.

In conclusion, we found that, compared to the conven-
tional method, FRC maintained image quality and signifi-
cantly reduced radiation doses without extending the fluo-
roscopy time in various clinical examinations using X-ray
fluoroscopy.
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