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Abstract : The aim of this study was to establish an injection protocol of a test bolus and a main bolus of contrast
material for computed tomographic pulmonary angiography (CTPA) for visualizing optimal pulmonary arteries in normal
beagle dogs. CTPA using a test bolus method from either protocol A or B were performed in each of four normal
beagle dogs. In protocol A, CTPA was conducted with a scan duration for around 8 s, setting the contrast enhancement
peak of the pulmonary trunk in the middle of the scan duration. The arrival time to the contrast enhancement peak
was predicted from a previous dynamic scan using a test bolus (150 mg iodine/kg) injected with the same injection
duration using for a main bolus (450 mg iodine/kg). In protocol B, CTPA was started at the predicted appearance
time of contrast material in the pulmonary trunk based on a previous dynamic scan using a test bolus injected with
the same injection rate as a main bolus. CTPA using protocol A showed the optimal opacification of the pulmonary
artery with pulmonary venous contamination. Proper CTPA images in the absence of venous contamination were
obtained in protocol B. CTPA with a scan duration for 8 s should be started at the appearance time of contrast
enhancement in the pulmonary trunk, which can be identified exactly when a test bolus is injected at the same injection
rate used for the main bolus.
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Introduction

Pulmonary thromboembolism (PTE) has been associated

with hyperadrenocorticism, dirofilariasis, immune-mediated he-

molytic anemia, myocardial disease, pancreatitis, and sepsis

(7,12,14,16) and is a potentially life threatening condition

(5,24), and previous reports in dogs and cats suggested a

prevalence of 0.9% and 0.06%, respectively (12,16,19). Tho-

racic computed tomography (CT) is an imaging modality in

human and veterinary medicine, and computed tomographic

pulmonary angiography (CTPA) identifies PTE as well as

parenchymal infarction, pleural effusion, vascular remodeling,

and oligemia (7,8,21). Multi-detector CT permits CTPA images

of high quality with an optimal arterial opacification (24),

and the timing of scans has become a critical factor because

suboptimal images could be obtained through inappropriate

scan timing (23). 

Test bolus and bolus-tracking are methods used to deter-

mine CT scan timing with regards to individual variation. A

test bolus of a small volume of contrast material has been

injected during CTPA to predict the contrast enhancement

timing for various patient conditions in human and veteri-

nary medicine (4,10,18,22). Contrast enhancement timing is

influenced significantly by cardiac output as a patient-related

factor and injection duration as an injection-related factor (2).

Therefore, the challenge in establishing a reasonable injec-

tion protocol of contrast material is important to obtain opti-

mal CTPA images. However, an injection protocol of a test

bolus to identify precise contrast enhancement timing for a

main bolus of CTPA has not been previously studied in dogs.

The aim of this study was to establish the injection proto-

col of a test bolus and a main bolus of contrast material for

CTPA with a test bolus method visualizing the optimal pul-

monary arteries in normal beagle dogs.

Materials and Methods

Experimental animals

This study was performed under the guidance of the Chun-

gnam National University Animal Care and Use Committee.

Eight normal beagle dogs (eight intact males) with an age of

2 to 5 years and body weights ranging from 7.2 to 13.2 kg

were used for the study. Routine screening tests such as phys-

ical examination including blood pressure, complete blood cell

counts, serum chemistry analyses, thoracic and abdominal

radiography, and echocardiography were performed to deter-

mine that the dogs were clinically healthy. The eight dogs
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were randomly classified into protocol A (four dogs, body

weight with a range of 7.2 to 10.2 kg) or B (four dogs, 9.4 to

13.2 kg).

Anesthesia and survey CT scan 

All dogs were fasted for 12 h. Anesthesia was induced

with 3.0 mg/kg of alfaxalone (Alfaxan® inj.; Jurox Pharm.

Co. Ltd.) intravenously. After endotracheal intubation, anes-

thesia was maintained with isoflurane (Ifran®; Hana Pharm. Co.

Ltd.). The anesthetized dogs were placed in sternal recum-

bency on the CT table, and a 20-gauge over-the-needle cath-

eter in the cephalic vein was connected to a SalientTM CT

injector (Imaxeon Pty. Ltd.; Sydney, Australia). To prevent

motion artifacts due to respiration, breath-holding was per-

formed using manual hyperventilation and positive pressure

ventilation (10 cm H2O) during the scan.

A survey scan of the entire abdomen extending from the

thoracic inlet to the caudal endplate of the 13th thoracic ver-

tebra with craniocaudal scan direction was performed using a

16-detector-row CT scanner AlexionTM (Toshiba; Otawara,

Japan). The following parameters were used: 120 kV, 150 mA,

1 mm slice thickness, 0.75 s rotation time, and 1.438 collima-

tion beam pitch. 

CTPA

Protocol A: CTPA was conducted using the same parame-

ters as that of a survey scan. The injection duration of con-

trast material was adjusted to be the same as the scan duration.

To find a precise time of contrast enhancement peak of the

main bolus, a test bolus, iohexol (Omnipaque®; GE health-

care Ireland) of 150 mg iodine/kg, was injected with the

same injection duration as the main bolus. The dynamic scan

was initiated at the same time with injection of the contrast

material and continued for 60 s at 1 s intervals using the fol-

lowing parameters: 100 kV, 50 mA, 2 mm slice thickness,

and a 1 s rotation time. By means of an inherent software

program, a time attenuation curve (TAC) was generated

through positioning of the region of interest (ROI) on the pul-

monary trunk, and the time to contrast enhancement peak of

the pulmonary trunk was calculated from the TAC. The diag-

nostic scan with a main bolus of contrast material dose of

450 mg I/kg was performed when the contrast enhancement

in the vessels from the previous dynamic CT scan had returned

to the precontrast level. Scan delay after starting an injection

of contrast material was determined by setting the middle of

scan duration to the peak time of contrast enhancement.

Protocol B: The dynamic scan was started simultaneously

with the injection of a test bolus, which was injected with the

same injection rate to a main bolus to identify a precise time

of an appearance of contrast material in the pulmonary trunk.

The appearance time of contrast material was obtained from

the TAC for the pulmonary trunk, and the diagnostic scan

with a main bolus was started at the appearance time.

Image analyses

The acquired CT images were evaluated using a commer-

cial software program Rapidia® (Infinitt Healthcare Co. LTD.;

Seoul, Korea). Scan sections for the total lung were divided

into three sections: the right cranial and cranial part of the

left cranial lobes in the cranial scan section, the right middle

and caudal part of the left cranial lobes in the middle scan

section, and the bilateral caudal lobes in the caudal scan sec-

tion. The cranial scan sections were evaluated at the third

intercostal space level, the middle scan section at the fifth

intercostal space level, and the caudal scan section at the sev-

enth intercostal space level. ROIs with a circle were placed at

the pulmonary artery (PA) and pulmonary vein (PV) of the

three scan sections, and for each, attenuation values were

measured from the maximal ROI within vessels on the trans-

verse images with a soft tissue window (window width, 400;

window level, 40). Differences between PA and PV were cal-

culated from the measured attenuation values.

Assessment of image quality was performed using the mod-

ified method from the previous literature (24). Subjective

image quality was evaluated from a maximum intensity pro-

jection using a five-point scoring scale: 1 = PA was enhanced

lesser than PV; 2 = PA was enhanced well, equal to the

accompanying PV; 3 = PA was enhanced mildly while PV

was almost not enhanced; 4 = PA enhanced well while the

accompanying PV enhanced mildly; 5 = PA enhanced well

while PV was almost not enhanced.

Statistical analyses

All data are presented as the mean and standard deviation.

The data were analyzed statistically using IBM SPSS Statis-

tics 22.0 (IBM Corp.; Armonk, NY, USA). Data from proto-

col A and B were compared statistically using the Mann-

Whitney test. Values of p < 0.05 were defined as statistically

significant. Data among three scan sections in protocol A and

B were compared using a Kruskal-Wallis test along with the

Mann-Whitney test. The Bonferroni correction was used as

an adjustment for multiple comparisons. 

Results

The parameters for contrast material injection and CT

scans in both protocols are shown in Table 1. The mean

injection rate and duration of a test bolus in protocol A were

significantly slower and longer than in protocol B. These dif-

ferences resulted in a significantly longer time elapsed to the

appearance and peak of contrast material at the pulmonary

trunk in protocol A than in protocol B. Diagnostic scans of

CTPA after injection of contrast material were started signif-

icantly later in protocol A than in protocol B.

The attenuation values of PA in the cranial scan section

had higher significance in protocol A than protocol B, and

there were no significant differences between the middle and

caudal scan sections. The values of PV in all scan sections

except the caudal part of the left cranial lobe were signifi-

cantly lower in protocol B than in protocol A (Table 2). The

difference of attenuation values between PA and PV was not

significantly different among the three scan sections as well as

between protocol A and B. The subjective image quality score

of the caudal scan section was significantly higher in protocol

B than protocol A, but not significantly different between the

cranial and middle scan sections. In protocol B, the subjec-

tive image quality score in the cranial scan section was sig-

nificantly lower than the values in the middle and caudal
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scan sections (Fig 1 and Table 3).

Discussion

Injection parameters are an important factor affecting the

contrast enhancement timing of CT scans (2). Theoretically,

the injection rate influences the delivery rate of contrast

material, and the same injection duration may reflect a simi-

lar peak timing of contrast enhancement (1,2,15). When the

injection duration increases, the time for the maximum deposit

of contrast material is prolonged and subsequently the time

to peak contrast enhancement increases (3). Consequently,

the results of this study showed that the timing of a CTPA

scan is different depending on the injection parameter of a

test bolus.

In protocol A, the time to peak contrast enhancement of

the PA was predicted from the TAC of a test bolus that was

injected using the injection duration of a main bolus for CTPA.

PA was enhanced to well over 600 HU, and we believe that a

proper scan duration and delay were applied for PA enhance-

ment. One advantage of a fixed injection duration protocol is

that the scan timing for good contrast enhancement can be

Table 1. The injection parameters of contrast material and CT
scan parameters in the two protocols

Protocol A Protocol B p-value

Test bolus

Injection volume (ml) 05.5 ± 0.9 04.8 ± 0.4 0.186

Injection rate (ml/s) 0.63 ± 0.11 1.58 ± 0.19 0.020

Injection duration (s) 8.65 ± 0.34 3.03 ± 0.20 0.021

Arrival times of test bolus

Appearance in pulmonary 

trunk (s)
02.5 ± 0.5 01.3 ± 0.4 0.032

Peak in pulmonary trunk (s) 7.88 ± 0.54 4.00 ± 0.71 0.019

Main bolus

Injection volume (ml) 16.3 ± 2.3 13.5 ± 1.7 0.139

Injection rate (ml/s) 1.85 ± 0.25 1.58 ± 0.19 0.144

Injection duration (s) 8.65 ± 0.34 8.55 ± 0.21 0.663

Scan parameters of CTPA

Scan delay after injection 

starting (s)
03.8 ± 0.4 01.3 ± 0.4 0.018

Scan duration (s) 8.65 ± 0.34 8.55 ± 0.21 0.663

Table 2. Mean attenuation values (HU) in pulmonary vessels of
six lung lobes in the two groups

Protocol A Protocol B p-value

Cranial scan section

PA of RCrL 662.8 ± 106.4 334.8 ± 71.2 0.021

PV of RCrL 324.8 ± 111.2 047.5 ± 9.7 0.021

PA of CrLCrL 623.5 ± 61.9 339.0 ± 52.4 0.020

PV of CrLCrL 298.8 ± 133.0 073.0 ± 12.5 0.021

Middle scan section

PA of RML 613.3 ± 131.7 498.5 ± 43.2 0.149

PV of RML 370.5 ± 50.6 185.3 ± 80.2 0.021

PA of CaLCrL 580.5 ± 130.5 477.0 ± 122.5 0.248

PV of CaLCrL 416.0 ± 135.1 204.0 ± 35.9 0.149

Caudal scan section

PA of RCaL 613.0 ± 145.0 514.0 ± 49.1 0.386

PV of RCaL 438.8 ± 84.9 180.5 ± 53.1 0.021

PA of LCaL 662.0 ± 168.1 561.5 ± 39.2 0.772

PV of LCaL 461.8 ± 90.7 216.3 ± 55.9 0.020

PA, pulmonary artery; PV, pulmonary vein; RCrL, right cranial
lobe; CrLCrL, cranial part of left cranial lobe; RML, right middle
lobe; CaLCrL, caudal part of left cranial lobe; RCaL, right caudal
lobe; LCaL, left caudal lobe

Table 3. Differences of attenuation values (HU) between PA and
PV and subjective image quality score in the two groups

Protocol A Protocol B p-value

Cranial scan section

RCrL 338.0 ± 182.7 287.3 ± 76.3 0.564

CrLCrL 324.8 ± 151.1 266.0 ± 61.3 0.564

Image quality score 003.3 ± 1.3 003.0 ± 0.0 1.000

Middle scan section

RML 242.8 ± 171.9 313.3 ± 103.2 0.773

CaLCrL 164.5 ± 240.0 273.0 ± 131.9 0.386

Image quality score 002.8 ± 1.3 004.3 ± 0.4¶ 0.169

Caudal scan section

RCaL 174.3 ± 205.1 333.5 ± 76.9 0.248

LCaL 200.3 ± 179.6 345.3 ± 84.6 0.248

Image quality score 002.5 ± 0.9 004.0 ± 0.0¶ 0.040

RCrL, right cranial lobe; CrLCrL, cranial part of left cranial lobe;
RML, right middle lobe; CaLCrL, caudal part of left cranial lobe;
RCaL, right caudal lobe; LCaL, left caudal lobe
¶The values were significantly different from that of the cranial
scan section.

Fig 1. Dorsoventral views of maximum intensity projection of

CTPA using protocol A (A) and B (B) in beagle dogs. Venous

contamination of contrast enhancement is remarkably visible in

protocol A compared with protocol B.
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more easily standardized in human and veterinary medicine

(1,2,15). However, PV contamination was also observed in

protocol A. PV contamination is a major limitation for CTPA

and it suggests PA opacification in the absence of significant

PV filling (24). In humans, the time for the peak PA contrast

concentration without PV contamination is ultrashort (2), and

a short scan duration has been used to obtain CTPA without

PV contamination (24). CTPA using protocol A showed PV

contamination even in the cranial scan section. Peak contrast

enhancement without PV contamination in dogs may be not

long enough, or the scan duration in this study may be too

long to complete the CT scan. When CTPA was conducted

using a scan duration of around 8 s in this study and the scan

delay was determined by protocol A, PV contamination

could not be excluded despite good PA enhancement. 

In protocol B, the time to contrast material appearance at

the pulmonary trunk was predicted from the TAC of the test

bolus. In the results of protocol B, the PA enhancement tended

to increase when the scan section was performed later. It is

possible the scan duration was set up at the time of contrast

material deposit and increased rapidly after the appearance

point to the peak point. An optimal enhancement level of 300

HU has been assumed as the value for an adequate CTPA in

human and veterinary medicine (9,15,17,20). The lowest

magnitude of PA contrast enhancement in a cranial scan sec-

tion is sufficient to evaluate it as a proper CTPA. The PV

enhancement also increased when the scan section was late.

However, the opacification of PV was not over 300 HU.

Therefore, we thought that CTPA with a negligible venous

contamination was obtained when a scan with a duration for

8 s was started at the appearance time of contrast enhance-

ment in the pulmonary trunk. 

The contrast enhancement differences of over 300 HU

between PA and PV were shown at the cranial scan section

of protocol A and the middle and caudal scan section of pro-

tocol B. The image quality score of the cranial scan section

in protocol A was lower than that of the middle and caudal

scan section in protocol B due to PV contamination, although

there was good PA contrast enhancement. On the contrary,

although PV contamination of the cranial scan section of pro-

tocol B was absent, the image quality was evaluated lower

than in the middle and caudal scan section due to the rela-

tively low PA opacification. Considering the scan duration

and scan delay of protocol A and B, the scan timing of the

cranial scan section in protocol A may be similar to the cau-

dal scan section in protocol B that could include some risk

for PV contamination. Optimal CTPA without PV contami-

nation could be reproducible for a middle scan section of

protocol B.

The injection duration of contrast material for CTPA has

been adjusted based on the scan duration in the previous vet-

erinary literature (15). This injection method was concluded

to be particularly suitable for CTPA for a population with

great weight variability. Injection duration was adjusted to be

the same as the scan duration in this study, allowing contrast

material to be injected continuously during CT scanning. A

scan duration of approximate 2 s has been used at the acqui-

sition of CTPA without PV contamination using a bolus-

tracking technique in a human study (24). Pulmonary transit

time (PTT) is typically about 3 s in humans (11,13), and

canine PTT has been reported to about 2 s (6). Based on the

previous literatures, the scan duration of approximate 8 s in

this study may be too long to obtain an entire optimal CTPA,

and the proper scan duration for optimal CTPA could be

speculated to be under 5 s in order to provide coverage for

the middle scan section in this study. 

The cranial scan section of protocol B can provide an opti-

mal CTPA without PV contamination, but a stronger con-

trast enhancement of PA is required. With a fixed injection

duration and volume of contrast material such as was used in

this study, a highly concentrated contrast material or a faster

injection rate can be used to achieve a higher magnitude of

contrast enhancement. However, the injected volume or dose

of contrast material will also increase in consequence. An

iodine dose of 400 to 700 mg iodine/kg has been applied for

CTPA in dogs (8,9,15). A further investigation for an injec-

tion rate and dose of contrast material is required to improve

PA opacification while avoiding PV contamination.

This study has some limitations. Attenuation of PA and PV

in protocol B tended to increase among the three scan sec-

tions. Also, the mean attenuation of PV in the caudal part of

the left cranial lobe in protocol A was higher than in proto-

col B but not significantly different. These uncertain results

at these tendencies in this study may be due to the small

study population. Although contrast enhancement patterns of

PV can provide important information about preventing venous

contamination, contrast enhancement patterns of PV as well

as PTT were not evaluated in this study.

Based on the results of this study, we recommend that CT

scanning be started at the appearance time of contrast mate-

rial in the pulmonary trunk if a scan duration of 8 s is

allowed due to the performance of the CT equipment. In this

situation, a test bolus should be injected using the same injec-

tion rate used for a main bolus during CTPA.
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