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Abstract

Objective

To prospectively evaluate the ability of CT urography with a low-dose multi-phasic excretory
phase for opacification of the urinary system.

Materials and methods

Thirty-two patients underwent CT urography with low-dose multi-phasic s using adaptive
iterative dose reduction 3D acquired at 5-, 10-, and 15-minute delays. Opacification scores
of the upper urinary tracts and the urinary bladder were assigned for each excretory phase
by two radiologists, who recorded whether adequate (>75%) or complete (100%) opacifica-
tion of the upper urinary tract and urinary bladder was achieved in each patient. Adequate
and complete opacification rates of the upper urinary tracts and the urinary bladder were
compared among three excretory phases and among combined multi-phasic excretory
phases using Cochran’s Q test.

Results

There was no significant difference among three excretory phases with 5-, 10-, and 15-min-
ute delays in adequate (56.3, 43.8, and 63.5%, respectively; P = 0.174) and complete opaci-
fication rates (9.3, 15.6, and 18.7%, respectively; P = 0.417) of the upper urinary tracts.
Combined tri-phasic excretory phases significantly improved adequate and complete opaci-
fication rates to 84.4% and 43.8%, respectively (P = 0.002). In contrast, there were signifi-
cant differences among three excretory phases for the rate of adequate (31.3, 84.4, and
93.8%, respectively; P<0.001) and complete opacification (21.9, 53.1, and 81.3%, respec-
tively; P<0.001) of the urinary bladder. Multi-phasic excretory phases did not improve these
rates because opacification was always better with a longer delay.
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Conclusion

Although multi-phasic acquisition of excretory phases is effective at improving opacification
of the upper urinary tracts, complete opacification is difficult even with tri-phasic acquisition.

Introduction

CT urography (CTU) is an excellent technique for the evaluation of calculi and masses in

the urinary system [1-4]. Moreover, according to the guideline of European Society of Uro-
genital Radiology (ESUR), CTU is recommended as the first-line test for patients at high risk
of urothelial carcinoma [5], and for these patients, a three-phase CTU protocol with single-
bolus contrast material injection consisting of unenhanced, urothelial, and excretory phases is
commonly used [5]. The primary goal of the excretory phase (EP) in CTU is complete opacifi-
cation of the entire urinary system, but incomplete opacification of the urinary system on the
EP has been a problem with CTU due to the characteristic points of narrowing and peristalsis.
Researchers have suggested several techniques to improve opacification of the upper urinary
tracts [6-11], including longer delay for the EP, acquisition of bi-phasic EPs, oral hydration,
intravenous diuretic, and abdominal compression. A log-rolling procedure prior to the EP
scans was suggested to increase the percentage of bladder opacification [12]. These previous
studies assessed the opacification of each segment of the urinary systems separately. Therefore,
the ability of CTU to achieve complete opacification of the entire urinary system of patients
has not been clearly described, and optimal delay for opacification of the urinary system has
not yet been standardized.

Recently, dose reduction has been made possible without any degeneration of image quality
by using iterative reconstruction algorithms [13, 14]. These algorithms are post-processing
procedure that reducing image noise and artifact as a result of using low radiation dose. One
of these algorithms, adaptive iterative dose reduction 3D (AIDR 3D), was recently shown to
permit CTU with a diagnostic efficacy comparable to that of routine-dose CTU with filter-
back projection (FBP) but with an approximately 70% dose reduction [15]. Therefore, we
hypothesized that tri-phasic low-dose EPs using AIDR 3D may be available without increasing
the radiation dose and may be effective in achieving complete opacification of the urinary sys-
tem. To our knowledge, this is the first report to evaluate tri-phasic EP scans.

The purpose of this study was to prospectively compare opacification of the urinary system
among 5-, 10-, and 15-minute delays, and to evaluate whether multi-phasic acquisition could
achieve complete opacification of the upper urinary tracts on EP CTU.

Materials and methods

Our institutional review board (Full name: Ethnics Committee of Osaka Medical College)
approved this prospective study. The individual in this manuscript has given written informed
consent to publish these case details.

Patients

Between August 2012 and February 2013, we enrolled 40 consecutive patients who met the fol-
lowing four inclusion criteria: the presence of macroscopic hematuria, post-nephroureterest-
omy of right or left side, or a follow-up study after preservation therapies for bladder cancer;
age over 40 years; absence of contraindications for the use of iodinated contrast material; and
a serum glomerular filtration rate of 45 or more. Eight patients were excluded because of
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hydronephrosis, leaving 32 patients (24 men, 8 women; mean age, 65.1 years; range, 42-84
years; mean weight, 66.1 kg; range, 46-90 kg). Four patients had undergone nephroureterect-
omy of the left side, so we evaluated only the right upper urinary tracts for these patients.

Multidetector CT urographic technique

We obtained unenhanced, urothelial, and tri-phasic EPs for all patients on a 320-row detector
CT scanner (Aquilion ONE; Toshiba Medical Systems Corporation, Tokyo, Japan) at the fol-
lowing settings: rotation time, 0.5 seconds; detector collimation, 64 x 0.5 mm,; helical pitch, 53;
tube voltage, 120 kV; variable tube current determined by x, y, z-axis dose modulation, adjust-
able with auto exposure control. The current tube was adjusted to 10-550 mA. Acquisitions
were from the top of the renal cortex to the bottom of the urinary bladder on the EPs. Patients
were instructed to hold their breath with tidal inspiration during scanning. Oral hydration and
administration of an intravenous diuretic were not used before the examinations. A single-
bolus injection of 540 mgl/kg of iohexol (Omnipaque; Daiichi Sankyo, Tokyo, Japan) was
made with an injection time of 50 seconds (contrast injection rate: 1.7-2.3 ml/sec), and then
tri-phasic EPs using AIDR 3D were acquired 5, 10, and 15 minutes later. The patients were
rolled twice immediately prior to each EP scan for better opacification of the urinary bladder.
In the same way with the prior study [15], we chose a setting of 75% reduction ratio of the radi-
ation dose under AIDR 3D on the EPs. The CT data on the EP scans were reconstructed with
AIDR 3D with a slice thickness and reconstruction interval of 1.0 mm for the axial images.
From the axial images, coronal images with a slice thickness and reconstruction interval of 3.0
mm were obtained. A maximum intensity projection (MIP) image was also obtained for each
EP.

CT image analyses

Qualitative analysis—Two radiologists with 12 and 7 years of experience in abdominal CT
reviewed the EP images using a Picture Archiving and Communication System (PACS) with a
preset window level and a window width of 200/600 HU, and performed independent visual
evaluations. They were blinded to the patient’s clinical data and to any prior or follow-up imag-
ing results. They evaluated the axial, coronal and MIP images in the three EPs. The upper uri-
nary tracts were classified into 4 segments: the renal collecting system, proximal ureter (the
ureteropelvic junction to the iliac crest), middle ureter (the iliac crest to the crossing of the iliac
vessels), and distal ureter (the crossing of the iliac vessels to the ureterovesical junction), and
each segment on each of the three EPs with 5-, 10-, and 15-minute delays was scored in regard
to opacification as follows: 1, <50% opacification; 2, 50-99%; 3, 100% (Fig 1). The urinary
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Fig 1. Examples of the evaluation of opacification scores of the proximal ureter on maximum
intensity projection (MIP) images. A, A 5-minute delay scored as 1 (<50%); B, A 5-minute delay scored as 2
(51-99%); and C, A 5-minute delay scored as 3 (100%).

https://doi.org/10.1371/journal.pone.0174800.9001
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bladder was assigned an opacification score for each EP using a 5-point scoring system: 1,
<25% opacification; 2, 25-49%; 3, 50-74%; 4, 75-99%; 5, 100% opacification on each EP. Dis-
crepancies in the opacification scores between the two readers were resolved by consensus.

According to the results of the opacification scores, we recorded whether complete and ade-
quate opacification of the upper urinary tracts or the urinary bladder was achieved for each
patient on each EP (5-, 10-, and 15-minute delays), and also on combined bi- (combination of
5+10-, 5+15-, and 10+15-minute delay scans), and tri-phasic EPs (combination of 5+10+-
15-minute delay scans). We defined complete and adequate opacification as 100% and more
than 75% opacification, respectively. The upper urinary tracts were considered to have com-
plete opacification if all eight segments of both upper urinary tracts (four segments in patients
after nephroureterectomy of the left side) had a score of 3, and adequate opacification if at
least three-quarters of all segments had a score of 3. For the urinary bladder, a score of 5 indi-
cated complete opacification while a score of 4 or 5 indicated adequate opacification. In the
assessment of multi-phasic EPs, the best score assigned for each segment of the upper urinary
tracts and the urinary bladder during the combined multi-phasic EPs was used. Then, the
complete and adequate opacification rates of the upper urinary tract and urinary bladder were
compared among the three single-phasic acquisitions and among single-, bi- and tri-phasic
acquisitions. For comparison among single-, bi-, and tri-phasic acquisitions, we used one sin-
gle- and bi-phasic EPs with the highest opacification rates among each group. If scores were
higher with a longer delay in all patients, we omitted the comparison of multi-phasic EPs.

Quantitative analysis—Homogeneity of the urinary bladder was assessed quantitatively
according to the anterior-to-posterior attenuation ratio, which was calculated by dividing the
CT value at the anterior portion of the urinary bladder by that at the posterior portion (Fig 2).
The CT value was measured with a 100-mm? circular region of interest (ROI) cursor at each
portion placed by one radiologist with 8 years of experience in abdominal CT.

Avg: 8567
Area: 1cm?2
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Fig 2. Axial CT images obtained in the excretory phase with a 5-minute delay in a 67-year-old man,
with ROIs manually drawn at the anterior and posterior portions of the urinary bladder. The sizes of the
ROIs were kept constant on the anterior and posterior portions with a copy-and-paste function.

https://doi.org/10.1371/journal.pone.0174800.g002
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Radiation dose

To estimate the radiation dose on the three EPs, the CT dose index volume (CTDIvol) of each EP
was recorded. Then, the average and the total radiation doses on the three EPs were calculated.

Statistical analysis

Opacification scores were compared using the Friedman test. If there were significant differ-
ences among groups, pairwise comparisons were performed with the Wilcoxon signed rank
test with Bonferroni correction. To compare the number of patients with complete or 75%
opacification of the upper urinary tracts, we used Cochran’s Q test and applied the McNemar
test with Bonferroni correction to adjust for pairwise comparisons. We used a repeated analy-
sis of variance for quantitative analysis, and applied Tukey’s test to adjust for pairwise compar-
isons. A value of p < 0.05 was considered to indicate a significant difference for the Friedman
test, Cochran’s Q test, and repeated analysis of variance. A value of p < 0.0167 was considered
to indicate a significant difference for pairwise comparisons. All statistical analyses were per-
formed with SPSS 17.0 (SPSS Inc., Chicago, IL).

Results
Qualitative analysis

For opacification scores for the upper urinary tracts, there was no significant difference among
three single-phasic EPs in any of the segments (Table 1). On the other hand, there were signifi-
cant differences in the opacification scores for the urinary bladder among the three EPs

(p < 0.001, Table 1). In pairwise comparisons, the opacification scores for the urinary bladder
were always significantly higher with a longer delay (5- vs 10-minute delay, p < 0.001; 5- vs
15-minute delay, p < 0.001; 10- vs 15-minute delay, p = 0.002).

The numbers of patients with complete and adequate opacification of the upper urinary
tracts in the three obtained EPs are shown in Table 2. Although complete and adequate opacifi-
cation of the upper urinary tracts were achieved more often on the EP with a 15-minute delay,
there was no significant difference among the three EPs (p = 0.417, and 0.174, respectively).

Table 1. Opacification scores of the urinary systems.

Delay time on each excretory phase

5 minute 10 minute 15 minute p value
Right
Renal collecting systems 20/12/0 22/10/0 25/7/0 0.18
Proximal ureter 29/1/2 30/2/0 30/2/0 0.48
Middle ureter 22/8/2 26/4/2 22/8/2 0.49
Distal ureter 17/9/6 19/7/6 15/11/6 0.84
Left
Renal collecting systems 15/13/0 18/10/0 18/10/0 0.36
Proximal ureter 23/4/1 23/4/1 24/2/2 0.26
Middle ureter 16/8/4 15/9/4 19/6/3 0.51
Distal ureter 15/6/7 15/8/5 15/8/5 0.85
Urinary bladder 7/4/8/9/5 17/10/3/2/0 26/4/2/0/0 <0.001

Footnote: Data show the number of tracts rated as 3, 2, and 1 in each segment on theupper urinary tracts, and show numbers rated as 5, 4, 3, 2, and 1 on
the urinary bladder.
The number in the parentheses indicate kappa values.

https://doi.org/10.1371/journal.pone.0174800.t001
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Table 2. Comparison among single-phasic excretory phase for complete and adequate opacification of the upper urinary tracts and the urinary
bladder.

A delay time of the excretory phase

5 minute 10 minute 15 minute p value
Upper urinary tracts
Complete opacification 3/32 (9.3%) 5/32 (15.6%) 6/32 (18.7%) 0.417
Adequate opacification 18/32 (56.3%) 14/32 (43.8%) 20/32 (63.5%) 0.174
Urinary bladder
Complete opacification 7/32 (21.9%) 17/32 (53.1%) 26/32 (81.3%) <0.001
Adequate opacification 10/32 (31.3%) 27/32 (84.4%) 30/32 (93.8%) <0.001

Footnote: Data show the number of patients. Data in parentheses are percentage of patients. Complete and adequate opacification indicate 100% and
more than 75% opacification, respectively.

https://doi.org/10.1371/journal.pone.0174800.t002

Complete opacification was achieved only with a 5- or 10-minute delay in three patients. On
bi-phasic EPs, complete opacification of the upper urinary tracts was achieved in 6 (18.7%), 9
(28.1%), and 12 (37.5%) patients with 5+10-, 5+15-, and 10+15-minute delays, respectively, and
adequate opacification of the upper urinary tracts was achieved in 26 (81.3%), 26 (81.3%), and
24 (75.0%) patients, respectively. On tri-phasic EPs, 14 (43.8%) and 27 (84.4%) patients showed
complete and adequate opacification, respectively. There were significant differences for the
rate of complete and adequate opacification among single- (15-minute delay), bi- (10+15-min-
ute delays for complete opacification, 5+15-minute delays for adequate opacification), and tri-
phasic acquisitions (5+10+15-minute delays) (p = 0.002 for both, Table 3, Fig 3). In pairwise
comparisons, a significant difference in the rate of complete and adequate opacification was
found only between single- and tri-phasic acquisition (p = 0.008, and 0.016, respectively).

The numbers of patients with complete and adequate opacification of the urinary bladder
on the three obtained EPs are shown in Table 2. There were significant differences in the com-
plete and adequate opacification rates among the three EPs (p < 0.001 for both). In pairwise
comparisons, EP with a longer delay always showed a significantly higher rate of complete opa-
cification (5- vs 10-minute delay, p = 0.001; 5- vs 15-minute delay, p < 0.001; 10- vs 15-minute
delay, p = 0.004). As for adequate opacification, there were significant differences between 5-
and 10-minute (p < 0.001), and between 5- and 15-minute delays (p < 0.001). There was no
significant difference between 10- and 15-minute delays (p = 0.031). We omitted the evalua-
tion of combined multi-phasic acquisition for opacification of the urinary bladder because the
opacification scores were always higher with longer delays.

Quantitative analysis

The average CT values of anterior and posterior portions of the urinary bladder, and the average
anterior-to-posterior attenuation ratios on EPs with 5-, 10-, and 15- minute delays are shown in
Table 4.

Table 3. Comparison among single-, bi-, and tri-phasic excretory phase for complete and adequate opacification of the upper urinary tracts.

Single-phasic Bi-phasic Tri-phasic p value
Complete opacification 6/32 (18.7%) 12/32 (37.5%) 14/32 (43.8%) 0.002
Adequate opacification 20/32 (63.5%) 26/32 (81.3%) 27/32 (84.4%) 0.002

Footnote; Data show the number of patients. Data in parentheses are percentage of patients. Complete and adequate opacification indicate 100% and
more than 75% opacification, respectively. Data of single- and bi-phasic excretory phase are the best results obtained among each group (single-phasic,
15-minute delay; bi-phasic, 10+15-miunute delay for complete opacification and 5+15-minute delay for adequate opacification).

https://doi.org/10.1371/journal.pone.0174800.t003
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Fig 3. Maximum intensity projection images show the upper urinary tracts obtained in the three
excretory phases in a 44-year-old man. A, Excretory phase with a 5-minute delay. B, Excretory phase with
a 10-minute delay. C, Excretory phase with a 15-minute delay. With a 5-minute delay, non-opacification was
noted in the right ureter, but with a 10- or 15-minute delay, the non-opacified segments were delineated. On
the other hand, just a 5-minute delay was sufficient for complete opacification of the left ureter. The numbers
of completely opacified segments were 5, 4, 6, 6, 7, 7, and 8 with the 5-, 10-, 15-,5+ 10-, 5+ 15-, 10 + 15-,
and 5 + 10 + 15-minute delays, respectively. Multi-phasic acquisition was thus able to delineate more
segments.

https://doi.org/10.1371/journal.pone.0174800.g003

There were significant differences in the CT values among the three EPs (Table 4,
p < 0.001). In pairwise comparisons, there were significant differences between the 5- and
15-minute delays (p < 0.001). There was no significant difference between the 5- and 10-min-
ute delays (p = 0.037) or the 10- and 15-minute delays (p = 0.044).

Radiation dose

The average CTDIvols for the 5-, 10-, and 15-minute delay scans were 3.01, 3.04, and 3.01
mGy, respectively. The average CTDIvol was 3.03 mGy on one scanning of the EP. The aver-
age total radiation dose on tri-phasic EPs was 9.08 mGy.

Discussion

Our results demonstrated that longer delay time for EP showed a trend for a higher rate of
complete opacification of the upper urinary tracts, and tri-phasic EPs significantly increased
the rate of complete opacification. However, complete opacification of the upper urinary tracts
was achieved in less than half of the patients even with tri-phasic EPs. Although previous
studies have reported complete opacification rates of 37 to 95% for each segment of the upper
urinary tract [8, 16], the numbers of patients with entirely opacified upper urinary tracts on
CTU have not been reported. Moreover, complete opacification has been defined differently
among the prior reports, with Meindle et al. [9] considering more than 75% opacification to
be complete, whereas Hack et al. [17] defined complete opacification as 100% opacification.
Therefore, we defined complete and adequate opacification as 100% and more than 75% opaci-
fication, respectively. To the best of our knowledge, this is the first report to precisely identify
the complete opacification rate of the upper urinary tract by CTU.

Table 4. Homogeneity of the urinary bladder.

Anterior portion (HU)

Posterior portion (HU)

The ratio of the CT value

Mean CT value p value
5 minute 10 minute 15 minute
155.1 316.4 493.1
640.0 766.0 816.3
0.30 0.47 0.64 <0.001

Footnote: p value is related to the statistical analysis of the ratio of the CT value among three EPs.

https://doi.org/10.1371/journal.pone.0174800.t004
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According to prior reports, EPs have been obtained between 2.5 and 16 minutes after
administration of contrast material [4-10, 14-16]. Meindle et al.[8] proposed that a longer
delay time of 10 to 16 minutes is feasible for opacification of the distal ureter, and Caoili [10]
reported that opacification scores of the distal ureter were statistically improved with a
450-second delay compared to a 300-second delay, which is consistent with our favorable
results at a longer delay time of 15 minutes. However, EPs with a 15-minute delay time were
not always superior to those with a 5- or 10-minute delay in our study, probably because peri-
stalsis of the ureters can occur regardless of the delay time. It is worth noting that the adequate
opacification rates of the upper urinary tract were almost identical among EPs with 5-, 10-,
and 15-minute delays, suggesting that a 5-minute delay may be clinically sufficient for ade-
quate opacification of the upper urinary tract even if complete opacification is not achieved.

Both our results and those of a previous study on bi-phasic EPs showed that multi-phasic
acquisition of EP can be a good way to increase the likelihood of complete opacification [9].
Multi-phasic EPs can increase the chance of avoiding peristalsis of the ureter because it is diffi-
cult to predict when peristalsis will occur. However, there seem to be two problems with
multi-phasic EPs. First, complete opacification of the upper urinary tracts is difficult even with
tri-phasic EPs, which may limit tumor detection. However, recent studies have called into
question the validity of EP for tumor detection, because Metser et al. [16] showed that the
detection of urothelial carcinomas was higher on the urothelial phase than on the EP, and
Hack et al. [17] demonstrated that tumors at the non-opacified portion of the ureter on EPs
were identifiable by other signs on the urothelial phase, such as an enhancing mass or urothe-
lial thickening, and additional multi-phasic EPs for a non-opacified ureter did not improve
tumor detection. Accordingly, we need to reconsider whether we really need to aim for com-
plete opacification on CTU because incomplete opacification of the upper urinary tract on EP
may not cause any clinical problem. Second, the radiation dose is increased with multiphasic
EPs. In the ESUR guideline for CTU, the recommended dose for EP is 9-12 mGy in CTDIvol
for patients at high risk of urothelial carcinoma and 5-6 mGy in CTDIvol for patients at low
or intermediate risk of urothelial carcinoma [5]. In our study, the mean CTDIvol was 3.03
mGy for each EP and 9.08 mGy for the total tri-phasic EP. Even with the low doses that AIDR
3D make possible, the radiation dose for tri-phasic EPs exceeded the recommended dose for
patients at low or intermediate risk of urothelial carcinomas.

Considering the drawbacks of multi-phasic EPs and the inconclusive clinical value of com-
plete opacification of the upper urinary tracts for tumor detection, we suggest using single-
phase EP as long as it is combined with a urothelial phase scan, even though multi-phasic EPs
can improve opacification of the upper urinary tracts. A delay time of longer than 5 minutes
may be acceptable for adequate opacification of the ureters on EP.

In this study, opacification scores and the mean anterior-to-posterior attenuation ratios of
the urinary bladder were always and significantly higher with a longer delay; hence, there was
no inherent usefulness in multi-phasic acquisitions. According to our results, a 10-minute
delay seems sufficient for adequate opacification. However, a 15-minute delay seems to be nec-
essary for complete opacification. Theoretically, a much longer delay time may be useful for
further improvement of opacification of the urinary bladder. However, there is a controversy
regarding the additional value of EP at the urothelial phase for detecting bladder tumors; cys-
toscopy may be more available than ureteroscopy. Therefore, we consider that a delay time of
up to 15 minutes would be feasible for opacification of the urinary bladder.

Our study has some limitations. First, the number of patients was small. Second, we did not
use the technique of oral hydration, intravenous diuretic, or abdominal compression because
these techniques may be a burden for patients, especially those with chronic heart failure or
diabetes. In a prior report, these techniques were useful for better opacification of the upper
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urinary tract. Therefore, the results in our study may not be applicable to centers where these
techniques are used. Third, we did not enroll patients with hydronephrosis. Opacification
scores might have been worse if we had enrolled those patients. Finally, we did not use a split-
bolus injection technique, in which dual-phase injection of contrast material and one scan for
the urothelial and excretory phase is used for the sake of dose reduction. If we had used a split-
bolus technique, the volume of contrast material would have been about half that of this study;
thus, opacification scores of both the upper urinary tract and the urinary bladder may have
been different.

In conclusion, a 15-minute delay on the EP improves opacification of the urinary bladder
compared to a 5- or 10-minute delay, but not that of the upper urinary tract.

Although opacification is improved with multi-phasic acquisition, complete opacification is
difficult even with tri-phasic acquisition.
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