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Background: Currently computed tomography pulmonary angiography (CTPA) has become a widely accepted clinical tool in the 
diagnosis of acute pulmonary embolism (PE).
Objectives: To report split-bolus single-pass 64-multidetector-row CT (MDCT) protocol for diagnosis of PE.
Patients and Methods: MDCT split-bolus results in 40 patients suspicious of PE were analyzed in terms of image quality of target 
pulmonary vessels (TPVs) and occurrence and severity of flow-related artifact, flow-related artifact, false filling defect of the pulmonary 
veins and beam hardening streak artifacts. Dose radiation to patients was calculated.
Results: MDCT split-bolus protocol allowed diagnostic images of high quality in all cases. Diagnosis of PE was obtained in 22 of 40 patients. 
Mean attenuation for target vessels was higher than 250 HU all cases: 361 ± 98 HU in pulmonary artery trunk (PAT); 339 ± 93 HU in right 
pulmonary artery (RPA); 334 ± 100 HU in left pulmonary artery (LPA). Adequate enhancement was obtained in the right atrium (RA):292 
± 83 HU; right pulmonary vein (RPV): 302 ± 91 HU, and left pulmonary vein (LPV): 291 ± 83 HU. The flow related artifacts and the beam 
hardening streak artifacts have been detected respectively in 4 and 25 patients. No false filling defect of the pulmonary veins was revealed.
Conclusion: MDCT split-bolus technique by simultaneous opacification of pulmonary arteries and veins represents an accurate technique 
for diagnosis of acute PE, removes the false filling defects of the pulmonary veins, and reduces flow related artifacts.
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1. Background
Currently computed tomography pulmonary angiogra-

phy (CTPA) has become a widely accepted clinical tool in 
the diagnosis of acute pulmonary embolism (PE) (1) with 
a high sensitivity (up to 94 - 96%) and specificity (up to 
94 - 100%) as consequence to the recent developed CTPA 
techniques (2-4).

Despite high sensitivity and specificity, many factors 
lead to misdiagnosis of PE on CT scan, including pa-
tient-related, technical, anatomical and pathological 
factors (5). When one or more of these factors are re-
vealed (e.g. an inadequate enhancement of pulmonary 
artery), a repetition of the CT acquisition is performed 
in 9.1% of the cases, with an increased dose radiation to 
the patient (4).

Optimization of the CTPA protocols is mandatory to ob-
tain an appropriate enhancement of the pulmonary arte-
rial tree to the segmental and subsegmental level and to 

determine whether PE is present.
Split-bolus protocol represents an innovative method 

of contrast medium injection that involves splitting of a 
bolus in two or three parts with a variable pause between 
injections. This protocol has been proposed to obtain a 
sufficient opacification of the whole aorta and iliac arter-
ies using single slice CT (6). More recently, this protocol 
was investigated for CT urography, cardiac CT angiogra-
phy, lung perfusion in pulmonary dual energy CT angiog-
raphy, pancreatic carcinoma, and detection and charac-
terization of focal liver lesions in oncologic patients (7-11).

2. Objectives
Our aim is to evaluate the diagnostic role of split-bolus 

single-pass 64-multidetector-row CT (MDCT) protocol in 
the diagnosis of suspected PE.

CHEST IMAGING
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3. Patients and Methods

3.1. Patients
We retrospectively reviewed 64-section CTPA of 91 pa-

tients with clinical suspicion of acute PE at our depart-
ment in the last 2 years. Other diagnostic tests included 
plasma D-dimer assay, electrocardiogram, and lower 
limb ultrasonography.

Fifty-one patients with a contraindication to iodinated 
contrast material use (history of allergy and impaired 
renal function), with hilum or mediastinal enlarged 
lymph nodes, with pulmonary pathologies that could 
be a source of artifacts (mucus plugs, recent lung cancer 
surgery, perivascular edema caused by raised atrial pres-
sure, and pacemaker), and with poor image quality were 
excluded from the study. The study included 40 patients 
(22 men and 18 women, mean age 66 ± 25 years, range 32 
- 89 years) who underwent split-bolus protocol. Of these, 
22 patients had a diagnosis of PE.

Written informed consent was obtained before MDCT 
exam in all cases and the information concerning the 
study population was collected according to the Declara-
tion of Helsinki principles.

3.2. Split-Bolus MDCT Technique
All studies were performed with a 64-detector row 

CT scanner (Brilliance CT scanner, Philips Healthcare, 
Netherlands) using the following parameters: collima-
tion beam: 64 × 0.625 mm, slice thickness: 2 mm, recon-
struction index: 1 mm, matrix: 512 × 512 pixels, rotation 
time: 0.5 seconds, pitch: 0.935:1, 120 kV and the tube 
current was set to the automatic milliampere setting 
on the basis of the patient’s weight.The duration of 
data acquisition was 5-6 seconds.

In all patients, the thorax was scanned in a cranio-
caudal direction and at end-inspiratory suspension 
during a single breath hold, resulting in a simultane-
ous enhancement of the pulmonary arteries and veins. 
The z-axis coverage and the field of view were chosen to 
include the entire thorax, from the lung apices to the 
diaphragm.

The resulting images were transferred to an external 
workstation (Advantage Workstation 4.2 GE Healthcare, 
Milwaukee, USA and Magic View, Philips Medical Systems, 
Best, Netherlands) and stored in a picture archiving and 
communication system (PACS). Multiplanar reconstruc-
tions were used routinely.

All the split-bolus MDCT examinations were performed 
after IV injection of iso-osmolar, nonionic dimer iodixa-
nol 320 contrast agent (Visipaque, GE Healthcare, Princ-
eton, New Jersey) from the antecubital vein splitted 
through an 18-gauge IV catheter with an automatic dual 
chamber injector (Stelland CT; Medrad, Indianola, PA, 
USA) in two boli (Figure 1).

First bolus (1.2 mL/kg) at a flow rate of 1.5-2 mL/s fol-
lowed by 20 mL of saline solution at the same flow rate 

determines an adequate enhancement of the pulmo-
nary veins. Maximum enhancement of the pulmonary 
arteries was obtained during injection of the second 
bolus (fixed 60 mL of contrast material) at a flow rate 
of 3.5 mL/s followed by 20 mL of saline solution at the 
same flow rate.

Scan delay time(TDELAY) to establish the pulmonary ar-
teries peak was previously determined with a bolus test 
injection of 20 mL of contrast material at a rate of 3.5 
mL/s (similar to the second bolus) placing a region of in-
terest (ROI) in the pulmonary trunk to obtain a time-den-
sity curve.The transit time ranged between 10-17 seconds 
(mean 15 seconds).

Scan delay (TDELAY) from the start of contrast material 
administration from time zero (T0) is estimated with the 
following equation:

(1) TDELAY= TID+TPEAK− (1/2) .TSD

TDELAY is calculated equal to the estimated injection du-
ration time (TID) of the first bolus and saline. TPEAK is the 
time to peak of pulmonary arteries predefined with the 
bolus test minus half the scan duration time (TSD) of z-
axis acquisition coverage. TDELAY includes 6 seconds time 
to move the scan table to the start of the scan and to give 
breath-hold instructions to the patient.

Time
(sec)

42sec                                  10sec                   17sec                      6sec

0

1th bolus
84 ml 2.0 ml/s

2nd bolus
60 ml 3.5 ml/s

saline

20 ml 3.5 ml/s

saline
20 ml 2.0 ml/s

Figure 1. Schematic view of 64-detector row CT split-bolus protocol of the 
chest in an adult male (weight 70 kg) with clinical suspicion of pulmo-
nary embolism. Contrast material administration is splitted into two boli 
injections. First bolus [at the start of bolus injection (or time zero): 84 mL 
(1.2 mL/kg) of contrast material at 2.0 mL/s, followed by 20 mL of saline 
solution at the same flow rate, were injected to obtain adequate enhance-
ment in the pulmonary veins; second bolus: 60 mL of contrast material 
at 3.5 mL/s followed by 20 mL of saline solution at the same flow rate to 
achieve a high intensity of contrast enhancement in the pulmonary arter-
ies. The pulmonary peak (TPEAK) was previously determined with a bolus 
test injection of 20 mL of contrast material at a rate of 3.5 mL/s (the same 
as the second bolus) placing a region of interest (ROI) in the pulmonary 
trunk to obtain a time-density curve. A single contrast-enhanced acquisi-
tion from lung apices to the diaphragm was acquired resulting in simul-
taneous contrast enhancement of the pulmonary arteries and veins. In a 
70 kg weight adult male with TSD of 6 sec, and TPEAK of 15 s, the DELAY is 64 s.

A single contrast-enhanced acquisition from lung api-
ces to the diaphragm was acquired with a determined 
time delay from the beginning of contrast material injec-
tion, resulting in simultaneous contrast enhancement of 
the pulmonary arteries and veins.

For confident evaluation of acute PE, we considered 
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that the mean attenuation value in the principal pul-
monary vessels of greater than 250 HU is the optimal 
value (12).

3.3. Image Analysis
The CT images were evaluated at different window set-

tings in HU for lung parenchyma (window level, −450 HU; 
window width, 1500 HU) and soft tissue (window level, 50 
HU; window width, 350 HU). The diagnostic criteria of PE 
by Remy-Jardin et al.(13) were used: depiction of partial 
and complete filling defects, floating and mural thrombi. 
The embolisms were categorized as central (main, right, 
and left pulmonary arteries involved to the level of the 
proximal lobar arteries) and peripheral (distal lobar, seg-
mental, or subsegmental level).

Two radiologists (M.S., A.R.) with at least 25 years of ex-
perience in body CT read the images independently and 
in consensus.

Image quality was assessed for contrast enhancement, 
qualitatively and quantitatively in the pulmonary trunk 
(PT), right pulmonary artery (RPA), left pulmonary artery 
(LPA), left atrium (LA), left pulmonary vein (LPV), and 
right pulmonary vein (RPV).

Qualitatively, each observer evaluated the different at-
tenuation within the target pulmonary vessels with a 
4-point scale: 1 = very faint enhancement, diagnosis of PE 
not possible; 2 = weak enhancement, diagnosis of PE pos-
sible to the lobar and segmental level; 3 = good enhance-
ment, diagnostic to the segmental and subsegmental 
level; 4 = great enhancement, diagnosis of PE possible at 
very peripheral arterial branches.

Quantitatively, each observer placed a circular region 
of interest (ROI) on regular transverse sections on each 
target pulmonary vessels (TPVs). ROI size was adjusted 
to encompass a diameter equal to half the diameter of 
the artery, avoiding the inclusion of the vessel wall or 
surrounding structures and the mean attenuation in 
HU and the standard deviation (SD) within the regions 
of interest on three consecutive sections was calculated 
for each target structure. The criterion used at our insti-
tution to define optimal opacification of the pulmonary 
artery was a value greater than 250 HU.

The occurrence and severity of three specific artifacts 
were assessed: a) flow-related artifact: the transient in-
terruption of contrast enhancement that appeared as 
ill-defined margins and higher attenuation; b) false fill-
ing defect of the pulmonary veins: no enhancement of 
pulmonary vein; and c) beam hardening streak artifacts: 
from dense contrast material within the superior vena 
cava was defined by its non-anatomic, poorly defined, ra-
diating nature, which overlay the right pulmonary and 
upper lobe arteries. Using a 3 point scale, the observers 
subjectively rated the occurrence and severity of the 
aforementioned artifacts. Artifact severity was rated as 
follows: 3 = fully diagnostic with defined contrast en-
hancement without filling defects from proximal to dis-

tal portions; 2 = hypo-attenuated vessels or undefined 
margins that hinder the diagnosis that is still possible; 1 
= severe artifacts with false filling defects within the ves-
sel lumen leading to PE misdiagnosis. Any discrepancies 
concerning the presence or absence of artifacts were re-
solved by consensus.

3.4. Radiation Dose Analysis
The dosimetric evaluation was carried out by analyzing 

the split-bolus MDCT examinations of all patients includ-
ed in the study. Radiation dose was based on volume CT 
dose index (CTDIvol) and dose-length-product (DLP). Split 
bolus and standard MDCT technique were compared by 
examining the effective dose (ED; in Sv) which was calcu-
lated using the following equation (14):

(2) ED = k × DLP where k = 0.015 (conversion coef�cient )

The calculated dose for split-bolus with single-pass ex-
amination was compared with the standard CT proto-
col previously used at our hospital for examination of 
patients with suspected PE. This protocol consisted of 
unenhanced, arterial and venous phases and was per-
formed with the same scanner (Brilliance CT scanner, 
Philips Healthcare, Netherlands). Scanning parameters 
used in the two-phase protocol were the same used in 
the split-bolus protocol, 120 kV and the tube current was 
set to the automatic milliampere setting based on the 
patient’s weight. A maximum volume of 100 mL of 320 - 
370 mgI/mL of contrast material followed by 20 of saline 
was administrated at a rate of 4 ml/s with an automatic 
dual chamber injector (Medrad) through a peripheral 
18-gauge venous access needle that was placed in the an-
tecubital vein. Start delay time was determined with a 
test injection of 20 mL of contrast material at a rate of 4 
mL/s. The duration of data acquisition of the thorax was 
5-6 seconds.

3.5. Statistical Analysis
Data analysis was performed using a software package 

(SPSS for Windows, Version 15.0. Chicago, IL: SPSS Inc; 2008).
Agreement of both reviewers on image quality and se-

verity of flow-related artifact, false filling defect of the 
pulmonary veins and streak artifacts were assessed with 
linear weighted kappa statistics. The strength of agree-
ment was categorized as no diagnostic or slight (κ = 0.00 
- 0.20), poor or fair (κ = 0.21 - 0.40), regular or moderate 
(κ = 0.41 - 0.60), very good or substantial (κ = 0.61 - 0.80), 
almost excellent or perfect to perfect (κ = 0.81 - 1.00) ac-
cording to Cohen and Fleiss kappa statistic method (15). A 
Confidence Interval (CI) of 95% was considered.

4. Results
The median body weight was 60 kg (range, 55 - 71 kg). 

MDCT with split-bolus protocol allowed diagnostic image 
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of high quality in all cases detecting PE in 22 of 40 patients.
The mean attenuation and the medium score (subjec-

tive image quality analysis in term of degree of CT con-
trast enhancement) TPVs are reported in Table 1.

In all cases, the mean attenuation values in the TPVs 
(Figure 2) were higher than 250 HU and substantially 
similar to that of the standard CT protocol previously 
used at our hospital. 

The flow related artifact was detected in 4 of 40 patients 
(10%). No false filling defect of the pulmonary veins was 

reported. The beam hardening streak artifacts were ob-
served in 25 of 40 patients (62.5%).

On the image quality and severity of flow-related arti-
fact, streak artifacts and false filling defect of pulmonary 
veins, the Kappa value for the interobserver agreement 
measure obtained from the analysis was 0.754 (P < 0.001, 
95% CI), characterizing a very good agreement between 
observers.

Representative cases of PE and artifacts by split-bolus 
protocol are reported in Figures 3 - 6.

Table 1. Pulmonary Arteries and Veins: Mean Attenuation Values in Hounsfield Unit (HU)

Target Vessels Contrast Attenuation, HU

Pulmonary trunk 361 ± 98

Right pulmonary artery 339 ± 93

Left pulmonary artery 334 ± 100

Left atrium 268 ± 81

Right pulmonary vein 265 ± 84

Left pulmonary vein 273 ± 80

Figure 2. Split-bolus single-pass 64-slice CT shows consistent enhancement in the target pulmonary vessels. The attenuation values in the pulmonary 
artery trunk (A) and right atrium (B) were higher than 250 HU.
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Figure 3. Split-bolus single-pass 64-slice CT shows a massive bilateral pulmonary embolism (A, B). Streak artifact in the superior vena cava does not affect 
the diagnosis of PE in the right pulmonary artery (A). Note the homogeneous enhancement of the left pulmonary vein (arrow in B).

Figure 4. Split-bolus single-pass 64-slice CT shows flow-related artifact in 
the right segmentary pulmonary artery (arrow).

Figure 5. Split-bolus single-pass 64-slice CT shows embolism in the right 
segmentary pulmonary arteries (arrows). Note the homogeneous en-
hancement of the right pulmonary vein (arrow head).
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Figure 6. Split-bolus single-pass 64-slice CT shows embolism in the right 
pulmonary artery. Streak artifact in the superior vena cava does not affect 
evaluation of the right pulmonary artery.

Mean effective radiation dose was calculated to be 7.3 
mSv for our MDCT split-bolus protocol. This is approxi-
mately 60% less than the radiation dose from our previ-
ous standard CT protocol (22 mSv). 

5. Discussion
In radiology clinical practice, an adequate vascular at-

tenuation within the lumen of the pulmonary arteries 
and veins and the absence of severe artifacts that can 
hinder the diagnostic evaluation are prerequisites for 
a successful CTPA in order to increase its sensitivity and 
specificity. With the advent of MDCT and the consequent 
faster scanning times, a revision of contrast material in-
jection protocols is needed. Test bolus or automated bo-
lus-triggering techniques with bolus chasing are strate-
gies currently used to increase and optimize the vascular 
enhancement during CTPA (5).

Despite advances in CT technology, there are still sever-
al factors that can determine the occurrence of artifacts 
that render the pulmonary CT angiographic images in-
conclusive and indeterminate (2-5, 11, 12, 15). Sometimes, 
when the magnitude of artifacts is significant, a rep-
etition of the acquisition could be necessary with an in-
creased dose radiation to the patient.

A multitude of CT protocols for diagnosis of PE are de-
scribed in the literature (3, 5, 6). The vast majority of these 
protocols entail scanning patients before contrast and at 
multiple phases after administration of the intravenous 
contrast material (1, 5).

The split-bolus technique has been proposed for whole 

aorta and iliac artery disease, for CT urography, and for 
oncologic patients with a variability of techniques in-
volving a reduction of radiation dose by scanning the ab-
domen only once with a single-phase (6, 7, 10, 11).

In our study, we implemented a new split-bolus proto-
col for PE diagnosis by 64-detector row CT and compared 
the results with those of standard CTPA in term of image 
quality enhancement of TPVs to minimize and overcome 
the most frequent pitfalls that may lead to an erroneous 
diagnosis of PE and to reduce dose radiation to the pa-
tient. Different from the standard CTPA using split-bolus 
protocol, a combined arterial and venous pulmonary ves-
sel enhancement is obtained by splitting the bolus in a 
single-pass.

Although different concentrations of contrast material 
were used (320 mgI/mL for split-bolus and 370 for our 
standard CTPA protocol), split-bolus protocol demon-
strated image quality and mean attenuation value in the 
TPVs greater than 250 HU (the optimal value for confident 
evaluation of pulmonary arteries) (12) and substantially 
similar to that of the standard CT protocol previously 
used at our hospital and with respect to literature data 
(355 +/- 116 HU) (16) and (379 +/- 110.5 HU) (17). In addition, 
split-bolus single-pass MDCT protocol allowed a homoge-
neous and consistent enhancement for the pulmonary 
vein and right atrium.

Since the homogeneous enhancement of the pulmo-
nary veins was obtained during the first bolus, no artifact 
due to the false filling vein defect was revealed. The simul-
taneous and adequate enhancement of pulmonary veins 
and arteries contribute to a significant reduction (4 of 
40 patients) of the flow-related artifacts with respect to 
our standard MDCT protocol and literature (3, 4, 12). Con-
versely, the saline push of 20 mL immediately after the 
IV contrast injection of the second bolus was ineffective 
in reducing the streak artifacts incidence that was repro-
ducible with that reported in the literature (4). However, 
in none of the 40 patients studied by split-bolus protocol, 
the streak artifacts have affected the PE diagnosis. Unlike 
other reports (4), we did not consider partial volume ar-
tifact as the result of axial imaging of an axially oriented 
vessel among the artifacts; it is absent when scan with 
0.625 mm × 64 collimation is used.

Radiation exposure is significantly reduced using split-
bolus technique by omitting venous phase in practices 
where both an arterial and venous phase are performed. 
The split-bolus MDCT protocol for PE by single-pass ex-
posed the patient to 7.3 mSv. This is approximately 60% 
less than the radiation dose from our previous bi-phase 
(unhenanced, arterial and venous phase) protocol (22 
mSv) and 20% - 80% less than the radiation dose (13 - 40 
mSv) reported in the literature (18).

Other advantages of split-bolus CT protocol include 
viewing simultaneously arterial and venous vessels with 
a more efficient reading, reducing both the  wear and tear 
on scanner hardware and the number of images needing 
electronic archiving.
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Our study had some limitations. This is a retrospec-
tive study with a small number of patients. There was a 
lack of overweight and obese patients among the study 
groups. The different amount and concentration of 
the contrast material among the split-bolus study and 
standard protocol at our hospital and literature was 
another shortcoming. In split-bolus protocol, we used 
a relative increase of the amount of contrast material 
(maximum 150 ml for both boli). The contrast material 
at the concentration of 320 mgI/mL in all cases allowed 
high enhancement values higher than 250 HU for pul-
monary arteries.

In conclusion, the split-bolus MDCT is a novel and 
emerging injection protocol technique in the radiol-
ogy setting that could be considered even for CTPA. Al-
though the split-bolus injection protocols may appear 
sophisticated and complex in theory, in practice it can 
be stored on the injector system and selected from the 
menu of the stored protocol. Considering simultane-
ous and adequate enhancement of the pulmonary ves-
sels in a single-pass imaging, effective suppression of 
the false filling vein defects reduces the flow related 
artifacts and dose radiation to the patient, split-bolus 
single-pass MDCT protocol can be used in clinical set-
ting to replace standard CTPA in patients with suspi-
cious of PE.

Further studies with larger populations and compara-
tive control groups are necessary to validate this tech-
nique and to develop other protocols (e.g. combined CT 
pulmonary angiography and venography including the 
lower extremity CT venography).
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