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SUMMARY/ABSTRACT

Although Computer Tomography (CT) has been widely used for medical imaging over the
previous thirty years, recent advances in the superior to inferior coverage of multidetector
systems have contributed to the introduction of wide field of view CT units. The immediate
clinical benefit of wide field of view is the ability to apply the scan to a region of interest with

a view to avoiding table motion, should the coverage with one gantry rotation be adequate.

We considered investigating wide field of view CT and determining other potential benefits,
which may not be readily visible. Areas of interest include myocardial tissue and the ability to
assess density of the entire heart at the same point in time, brain perfusion and joint motion

assessment.

We determined that certain absolute parameters for imaging the heart with regard to
temporal resolution no longer need to be met, and establishment of baseline myocardial
density values were of importance considering the significant impact of volumetric imaging in

the setting of myocardial perfusion and both rest and stress assessment.

Baseline measurements for previously poorly assessed and poorly understood joints were

determined, including the acromioclavicular and wrist joints.

A significant benefit of investigating abnormal wrist motion was the discovery of a clinical

entity which has previously not been appreciated, that of trigger lunate syndrome.

We propose that wide field of view CT, and in particular 4D CT, have a significant benefit in
clinical imaging, and that 4D CT may be considered a new imaging technique allowing us to
visualize and examine motion and perfusion disorders which have previously either been not

possible or significantly limited.
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INTRODUCTION

Computer Assisted Tomography (CT) was first reported by Hounsfield in 1973 [1, 2]. The
first prototype was installed in Atkinson Morley’s Hospital in South London and used the
translate/rotate principle where the gantry scanned across the region of the interest and then
rotated by one degree prior to scanning back across the field of view with a different
angulation. [3] This process was repeated until the region of interest was scanned with
numerous angulations so that appropriate filtered back projection mathematical calculations
could be applied to reconstruct an image of the portion of the human anatomy being scanned.

These early CT scanners were referred to as first and second generation.

Further development resulted in third generation CT scanners which utilized the
rotate/rotate principle where the mostly xenon gas detectors were arranged in an arc to offer

faster scan times. [4]

With the advent of helical [5] and multislice scanning in 1998]6], four slice acquisitions were
possible with rapid acquisition. Multislice CT scanning involves widening the xray beam and
adding several detector rows in the superior-inferior axis (Z axis), with advantages of reduced

heat loading, reduced time of acquisition, and simultaneous data acquisition.

Over the last several years, further advances in CT technology have resulted in 16 slice[7], 64

slice[8] and recently in both 256 and 320 slice capability[9].

The introduction of 64 slice technology in 2005 offered both reduced slice thickness (down to
0.5mm), thereby making isotropic volume data sets possible, and in additionally offered
markedly improved acquisition times for scanning large areas of the body[10]. This resulted
in significant clinical benefits in large parts of the human body which were previously difficult

to assess due to the vascularity, thereby requiring rapid scanning.
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However, one of the more significant benefits of 64 slice multidetector system was the
introduction of a wider superior-inferior (z) axis coverage with one rotation of the xray
gantry. These systems were able to scan 4cm in the z axis. The wide coverage renders
dynamic CT imaging of a volume of tissue feasible. The term 4 Dimensional Computed
Tomography (4D CT) was introduced. The first three dimensions are those used in
conventional CT (depth, width, height), with the fourth dimension representing motion[11].
4D CT requires a two-dimensional detector with a large area in conjunction with a continuous
rotating gantry capable of high speeds. CT data is acquired repeatedly at a stationary table
position with the obtained information then correlated with respiration. This enables the
movement of structures to be visualised[11, 12]. The data is reconstructed as a volume image
which enables the images to be assessed with any available post processing work station
capability. Due to the 4cm limitation in the field of view, the clinical utility of 4D CT in the
diagnostic arena remained limited. However in the therapeutic arena, the impact had been
significant. 4D CT has been used to verify the position of a lung tumour during volumetric arc
therapy, which enables the arc therapy to be delivered using the entire 360 degress of beam
directions in order to optimize the dose delivery to the entire volume of tissue within a single
source rotation[13].With regard to radiation therapy in the setting of oncology management,
4D CT has also been utilized to provide an accurate position of the lung cancer during the

entire respiratory cycle, with the aim to more accurately deliver the relevant dose[14].

In four-dimensional volumetric modulated arc therapy, the entire breathing cycle is
incorporated into the optimisation process using 4DCT data. Delivery of the radiotherapy
beam can be synchronised with a specific phase of target motion, enabling more sparing of

healthy tissue[15].

Improved assessments were now possible for scanning of the coronary arteries[16, 17],

coronary artery bypass grafts[16], gastrointestinal bleeding[18], small bowel and large bowel
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obstruction[19], acute multitrauma[20], head and neck angiography[21, 22], neoplasm

assessment[23] and vascular anomalies[24].

The 64-slice technology resulted in 4 cm z-axis coverage. More recent developments have
aimed to improve the ability to reliably and repeatedly scan the coronary arteries. This vision
has resulted in the introduction of CT scanners with further increase in the wide field of view
z-axis coverage, either using 256 detectors (8cm) or 320 detectors (16 cm). Due to the
volumetric coverage, significant benefits in tissues which are prone to motion artefact has

resulted especially with regard to coronary artery computed tomography|[25, 26].

The wide field of view CT has significantly contributed toward an improvement in coronary
artery visualisation[9, 26] whilst allowing visualization of previously difficult to identify

cardiac conditions such as arrythmogenic right ventricular cardiomyopathy[27].

Although the development of wide field of view has been with coronary artery scanning as the
region of interest, due to the nature of the technical innovation, we have postulated that if the
region being scanned (either cardiac or non cardiac) were to remain within the scan range (ie
no table motion) with subsequent continual scanning, the acquired volume data set would be
updated thereby showing motion which may be assessed in numerous planes. By using the
principle used previously for radiation therapy planning purposes, 4D CT may potentially be
of use in a number of regions, in particular in the visualization of cardiac motion or wrist

motion, which can be examined from numerous planes.

As the clinical utility of 4D CT is relatively unknown, our aim is to explore regions of the body,
which are subject to either rapid change in anatomy with time or rapid change of density with

time.

The wide field of view technology was initially developed with a view to improving coronary
cardiac CT capabilities by being able to scan the entire heart in one heart beat. We aim to

provide confirmation that significant advances in cardiac imaging have been achieved, and
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that the principles of needing to achieve a patient heart rate below the temporal resolution of
the scanner and needing to have a patient in sinus rhythm, do not necessarily need to be
followed with this technology. Furthermore when considering the myocardial density, which
can vary from superior to inferior depending on timing of contrast, we aim to investigate
whether wide field of view CT offers clinical insight into myocardial density abnormalities,

whether non ischaemic or ischaemic.

As in index case in the investigation of abnormal angiography, we consider the issue of brain
perfusion and the issue of whether wide field of view has advantages over traditional field of

view with regard to recognition and detection of abnormalities.

We will then consider musculoskeletal imaging, in particular joint imaging. It is well accepted
that numerous instability and / or impingement conditions can afflict a number of joints. Due
to the symptoms associated with motion, these conditions have been poorly assessed
previously due to the static nature of previous imaging. We have selected the acromion-

clavicular (AC) joint and the wrist joint as index research.

In conclusion, our aim is to investigate an index case in the various regions identified where

our research paper will likely stimulate further research.



CHAPTER 1:

CORONARY IMAGE QUALITY OF 320-MDCT IN PATIENTS WITH HEART

RATES ABOVE 65 BEATS PER MINUTE: PRELIMINARY EXPERIENCE

12
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The development of 64 slice multidetector CT units with isotropic resolution resulted in a
significant impact on medical imaging as techniques previously considered not possible were
now easily available. These included high resolution multiplanar reconstructed images
especially of the vascular anatomy but also including the liver, lung and neurological systems.
Post processing applications were now also possible such as markedly improved metallic
artefact reduction, and perfusion assessments. However although imaging of the heart
chamber morphology was adequate, coronary artery CT was subject to the traditional
limitations imposed by the temporal resolution of the CT unit and by the mulitsegment

reconstruction acquisition technique, which is prone to stair step artefact [28-30].

As the concept of wide field of view computed tomography was the result of a concerted effort
to improve the diagnostic quality of coronary artery computed tomography angiography, the
initial emphasis of this class of CT units has was for installation in the centres which target
cardiac imaging. Cardiovascular centres world wide began to install such units, with a view to

improved coronary artery CT image quality which is not subject to traditional limitations.

The evaluation of wide field of CT imaging of the heart has not been extensively studied prior
to the universal acceptance of installation. Due to the volumetric nature of data acquisition,
we considered whether the previously established principles of heart rate manipulation in

order to reach level below the temporal resolution of the CT unit, were still required.

Our first examination of the impact of wide field of view CT imaging was to demonstrate that
temporal resolution of the CT unit is no longer an absolute limitation, and that for this type of
imaging, it may be considered a relative limitation. In particular, our aim was to determine
whether, wide field of view CT cardiac imaging and the concept of volumetric imaging was

able to modify the generally accepted limitation of CT units through their temporal resolution.
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In summary, the work was performed to investigate whether volumetric CT scanning was
able to allow imaging principles to bypass previously held limitations in cardiac coronary

artery imaging.
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OBJECTIVE. High heart rate may negatively influence the image quality of cardiac
CT. The technical advances of 320-MDCT may overcome issues with poor image quality
associated with high heart rate. This study aimed to evaluate the coronary image quality of
320-MDCT in patients with heart rates above 65 beats/min.

MATERIALS AND METHODS. Patients who presented for cardiac CT were divided
into two groups according to heart rate, either greater than 65 beats/min or less than or equal
to 65 beats/min. Two radiologists were blinded to the patient groups and evaluated images of 15
coronary artery segments per patient using 320-MDCT with consensus agreement. The image
quality was scored subjectively as 1 or 2 (diagnostic quality) or 3 (poor quality and nondiagnostic).

RESULTS. There were no statistically significant differences between the two groups
in terms of age, sex, and body mass index (p > 0.05). The median heart rate was 70 beats/
min (range, 67-110 beats/min) for the group with heart rate greater than 65 beats/min and
60 beats/min (range, 48-65 beats/min) for the group with heart rate less than or equal to
65 beats/min (p < 0.001). In patients with heart rates greater than 65 beats/min, diagnostic
quality images (scores of 1 or 2) were obtained in 95.6% of the analyzed segments, compared
with 96.9% in the group with heart rate less than or equal to 65 beats/min (p = 0.7).

CONCLUSION. Our initial evaluation suggests that coronary artery images of
diagnostic quality can be obtained using 320-MDCT in most patients with heart rates greater
than 65 beats/min, in percentages similar to those for patients with heart rates less than or
equal to 65 beats/min. This finding may be the result of the inherent image acquisition and

reconstruction technique of 320-MDCT.

ardiac CT is a rapidly evolving
noninvasive technique used in
the detection and assessment of
coronary artery disease. The im-
ages produced by cardiac CT need to be of
high quality for it to be a sensitive and diag-
nostic tool.

Patient-specific factors such as high heart
rate may degrade the image quality of cardi-
ac CT [1]. High-quality images free of cardi-
ac motion artifact may be obtained by slow-
ing the heart rate [2]. The current practice is
aimed at decreasing the heart rate to below
65 beats/min, often with p-blocker medica-
tion, before cardiac CT [3, 4]. Alternatively,
the temporal resolution of the scanner needs
to be fast enough to freeze the heart motion
[3]. The temporal resolution of the scanner is
limited by the gantry rotation time, which is
the time needed to complete a 360° revolu-
tion. The temporal resolution of a single tube
and detector system is one half of the gantry

rotation time, because image reconstruction
requires 180° [2]; 320-MDCT uses multiseg-
ment reconstruction to improve the effective
temporal resolution by using data from more
than one R-R interval of the cardiac cycle to
reconstruct an image [5]. Using this method,
an effective temporal resolution of 87.5 milli-
seconds can be obtained if two-segment recon-
structions are used, compared with the tempo-
ral resolution of a dual-source scanner, which
ranges from 75 to 83 milliseconds [2, 5]. The
trade-off for using multisegment reconstruc-
tion is higher radiation dose to the patient as a
result of longer exposure time.

With 16 cm of craniocaudal coverage per
gantry rotation, 320-MDCT enables scan-
ning of the whole heart in a single heartbeat,
thereby eliminating the “stair-step” artifact
[3]. This artifact occurs as a result of sub-
volume cardiac imaging over multiple gantry
rotations, leading to nonoverlapping recon-
struction intervals [6]. All scan data can be
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obtained in the same R-R interval, which en-
ables scanning of patients with arrhythmias
[7]. The wide area detector coverage de-
creases the overall scan time, thereby allow-
ing the contrast material bolus to be imaged
at a single time point. This results in uniform
contrast in the arterial tree [5]. Experimen-
tal cardiac CT applications such as myocar-
dial perfusion and coronary artery contrast
opacification gradients have used this feature
of 320-MDCT [2, 8]. In comparison, the du-
al-source scanner has less volume coverage
per gantry rotation, between 1.9 and 3.84 cm
[2,5].

Prospective and retrospective ECG gating
are used in cardiac CT to synchronize im-
age acquisition with the cardiac cycle [9],
thereby minimizing motion artifact. Dur-
ing retrospective gating, data are acquired
throughout the cardiac cycle, enabling image
reconstruction at any cardiac phase. Retro-
spective gating is used in cardiac functional
and valve assessment. In prospective gating,
scanning occurs during the set R-R interval.
The latter is associated with significant re-
duction in radiation exposure [2].

Patients who present for cardiac CT may
have high heart rates refractory to the effects
of B-blocker medication, which often is ad-
ministered as part of the standard protocol
to lower heart rate before scan acquisition.
High heart rate can be associated with de-
terioration in image quality of cardiac CT.
To our knowledge, the coronary image qual-
ity of 320-MDCT in patients resistant to
f-blockade with heart rates greater than 65
beats/min has not been specifically evalu-
ated. We hypothesize that diagnostic-quali-
ty images are reproducible in this cohort be-
cause of improved image acquisition and re-
construction technique of 320-MDCT.

Materials and Methods
Patients and Study Protocol

This study was performed as a retrospective
audit and was approved by the institutional re-
view board affiliated with our hospital. A total of
390 cardiac imaging scans were performed during
the study period from September 2008 to Febru-
ary 2009. In this period, 45 consecutive patients
with heart rates greater than 65 beats/min were
identified. Of this subgroup, 15 patients were ex-
cluded from the retrospective analysis because
of targeted examination of noncoronary cardi-
ac structures. As a result, 30 patients with heart
rates greater than 65 beats/min were included for
review. An additional 30 patients with heart rates
of 65 beats/min or less who underwent cardiac CT

W730
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for coronary artery evaluation were allocated to
the control group. Patients in the control group
were matched to the subjects in terms of sex, age,
and body mass index (BMI), where possible, to
minimize confounding variables.

Patients were selected from routine clinical refer-
rals with acute chest pain, exertional angina, or in-
creasing shortness of breath. No patients were ex-
cluded because of previous coronary intervention,
including stenting and presence of atrial fibrillation.

The exclusion criteria were the presence of
congenital heart disease other than patent foramen
ovale or atrial or ventricular septal defects. These
were selected to minimize variations to standard
coronary artery anatomy, which may otherwise
affect assessment of image quality.

Patient demographics, including sex, age, and
BMI, were documented. After selection, patients
were identified by their unit record number only. The
radiologists were blinded to the patient’s heart rate.

The patients fasted for at least 2 hours before
scan acquisition and abstained from caffeine on the
day of scanning, as per standard protocol. Each pa-
tient’s heart rate and blood pressure were record-
ed 1 hour before imaging. An 18-gauge IV cannula
was inserted into the right antecubital fossa.

All patients with heart rates greater than 60
beats/min were administered p-blocker medica-
tion unless contraindicated (e.g., anaphylaxis or
severe asthma). Patients with heart rates between
60 and 70 beats/min with systolic blood pressure
of greater than 100 mm Hg were given 50 mg of
oral metoprolol. If the heart rate and blood pres-
sure were above 70 beats/min and 100 mm Hg, re-
spectively, 100 mg of oral metoprolol was admin-
istered. If the heart rate remained above 65 beats/
min immediately before scanning, a 5-mg dose of
IV metoprolol was administered. The dose was ti-
trated up by 1 mg per minute to a maximum of 25
mg, depending on the heart rate and blood pressure
response. Four hundred micrograms of sublingual
glyceryl trinitrate spray was given 2 minutes be-
fore imaging for coronary artery vasodilatation.
The patients who failed to reach the target heart
rate of 65 beats/min or less were included in the
high heart rate group. The reasons for the inability
to decrease the heart rate to less than or equal to
65 beats/min with -blocker therapy have not been
documented for individual patients. They included
development of borderline hypotension with sys-
tolic blood pressure of approximately 100 mm Hg,
acute exacerbation or history of severe exacerba-
tion of asthma or chronic obstructive pulmonary
disease, or resistance to the effects of maximal
B-blocker premedication according to protocol. In
some patients who were initially “well B-blocked,”
the heart rates increased to greater than 65 beats/
min during scan acquisition.

Seventy-five to 100 mL of IV contrast agent
was administered for each patient (Ultravist 370,
Bayer HealthCare) at a rate of 6 mL/s, followed by
50 mL of normal saline flush. Bolus tracking with
aregion of interest placed in the left ventricle was
performed using a 180 HU threshold.

Image Acquisition

Images were acquired using a 320-MDCT scan-
ner (Aquilion One, Toshiba Medical Systems). The
field of view (z-axis) included the mid-ascending
aorta to the upper abdomen. No table movement
occurred during axial volumetric scanning because
the scanner provides 16 cm of z-axis volume using
0.5-mm detectors. The number of detectors select-
ed was based on cardiac size as displayed on the
anteroposterior and lateral surface images. All rel-
evant cardiac anatomy was successfully displayed
on the field of view. No patient required more z-axis
coverage than the scanner detector bank could cov-
er in a single acquisition.

Tube voltages used were between 100 and
135 kVp, on the basis of the patient’s BMI, ac-
cording to the vendor’s specifications. Tube cur-
rent ranged between 400 and 580 mA. A medi-
um field of view was selected. The gantry rota-
tion time was 350 milliseconds, with a minimum
temporal resolution of 175 milliseconds [6]. Sin-
gle gantry rotation generally occurred if images
were obtained with heart rate of 65 beats/min or
less. Acquisition was generally obtained over two
or more heartbeats, triggered by the scanner “ar-
rhythmia rejection” software if the heart rate went
above 65 beats/min or if atrial fibrillation was de-
tected. Data acquisition was automatically termi-
nated by the scanner if a total of four heartbeats
were reached.

If functional information (e.g., left ventricular
ejection fraction) was not required, end-diastolic
prospective scanning with an ECG-gated window
of 65-99% of the R-R interval was performed.
If functional information was required, full R-R
retrospectively gated scan was acquired in one to
four heartbeats. ECG dose modulation was used
to reduce radiation dose with this method by de-
creasing tube current during the systolic phase of
the R-R interval [10].

Images were obtained in moderate inspiration
with breath-holding. Breath-holding and heart rate
tests were performed before image acquisition. The fi-
nal heart rate was recorded at the time of acquisition.

Image Reconstruction

Raw data reconstruction was performed using
0.5-mm slices in 0.25-mm intervals at 75% of the
R-R phase. If full R-R scanning was performed,
functional information at 1-mm contiguous slices
was reconstructed at 10% intervals from 0-90%
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320-MDCT in Patients With Elevated Heart Rates

of the R-R phase. A default medium soft-tissue
kernel (FC04) was used.

If there was movement artifact in a vessel on
initial review, a more optimal phase to mini-
mize the effect was chosen with reconstruction at
20-millisecond intervals across all available phas-
es. After this, an additional 0.5 x 0.25 mm mo-
tion-free reconstruction was performed.

ECG editing was used in patients with atrial fi-
brillation who underwent multibeat acquisition to
obtain an optimal reconstruction phase. This in-
volved deselecting the R peak of the shorter heart-
beat and rejecting it from the dataset, resulting in
a half segmental reconstruction from a multiseg-
ment acquisition.

Postprocessing and Image Analysis

Images were reviewed and postprocessed using a
workstation (Vitrea Fx Workstation, Vital Images).
The “vessel probe” software was used, and biper-
pendicular curved multiplanar reconstruction im-
ages were created for all coronary artery segments.

The coronary arteries were divided into 15 seg-
ments according to the American Heart Associa-
tion classification [11]. This included the right cor-
onary artery (segments 1-4), left main artery (seg-
ment 5), left anterior descending artery (segments
6-10), and circumflex artery (segments 11-15).

Two radiologists with level 3 American Society
of Cardiovascular CT accreditation in cardiac CT
evaluated the images on the Vitrea workstation.
They were blinded to the patient groups. The im-
ages included biperpendicular views of the three
coronary arteries and all 15 segments, if present.

No segment was excluded from analysis on the ba-
sis of vessel caliber and size, contrast opacifica-
tion, or presence of calcification. If there was no
contrast material visible in the ostium and extend-
ing down the length of the expected position of the
coronary artery segment, then this segment was
deemed to be congenitally absent.

The radiologists graded the quality of the im-
ages subjectively at the same time via a consen-
sus approach using a 3-point scoring scale: 1 was
defined as excellent quality and diagnostic, 2 was
defined as suboptimal quality but still diagnostic,
and 3 was defined as poor quality and nondiagnos-
tic. The specific criteria used by the radiologists
when judging image quality were overall appear-
ance of the vessel, internal and external wall defi-
nition, the degree of motion artifact, the distinc-
tion between calcified and noncalcified plaque,
and vessel lumen. A diagnostic image free of mo-
tion artifact with excellent wall and plaque defini-
tion was scored as 1. An image that did not meet
these criteria but remained diagnostic was scored
as 2. A score of 3 was given to images for which
diagnostic assessment was not possible. A specific
diagnosis was not required. Discrepancy did not
occur because of the consensus reading. Anatomi-
cally absent segments were excluded from analy-
sis. Examples of the images evaluated by the radi-
ologists are shown in Figures 1, 2, and 3.

Effective Dose Calculation

The effective dose was calculated in milli-
sieverts for each patient using modified CT dose
index volume specific for the Aquilion One unit

(Toshiba Medical Systems). The dose-length
product was calculated by multiplying the volume
scanned in craniocaudal direction with the CT
dose index volume. The estimated effective dose
was calculated by multiplying the dose-length
product with a conversion factor (k = 0.014) [12].

Statistical Analysis

All analyses were performed using SPSS soft-
ware (version 16, SPSS). Demographic data and
effective doses were compared between the two
groups of patients using the Mann-Whitney U test.
Chi-square tests were used to compare the image
quality scores between the two groups. Effective
dose variability in multibeat acquisition was test-
ed using analysis of variance. Statistical signifi-
cance was set at p value less than 0.05.

Results
Patient Characteristics

The relevant demographic characteristics of
patient groups are shown in Table 1. The two
patient groups were well matched in terms
of age, sex, and BMI (p > 0.05). The medi-
an heart rate for the group with heart rate
greater than 65 beats/min was 70 beats/min
(range, 67-110 beats/min), and that for the
group with heart rate less than or equal to
65 beats/min was 60 beats/min (range, 48—
65 beats/min) (p < 0.001). Notably, three pa-
tients in the high heart rate group had heart
rates greater than or equal to 80 beats/min
(80-110 beats/min). Seven patients with
heart rates greater than 65 beats/min and two

Fig. 1—59-year-old man who was imaged with mean heart rate of 70 beats/min using double-beat retrospective acquisition.
A and B, Images show biperpendicular views of left anterior descending artery (A) and right coronary artery (B). Both arteries were assigned image quality score of 1.
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Fig. 2—69-year-old man with heart rate of 60 beats/min who was scanned using
double-beat retrospective acquisition. Image shows left circumflex artery, which

was given score of 2.

patients with heart rates less than or equal to
65 beats/min were in atrial fibrillation at the
time of image acquisition.

In the group of patients with heart rates
greater than 65 beats/min, single-, two-,
three-, and four-beat acquisitions were ac-
quired in seven, 14, seven, and two patients,
respectively. Twenty-four patients (80%) in
the control group had a single-beat study, four
had two-beat studies, and a single person un-
derwent a three-beat study (p < 0.001, sub-
jects vs control group). Heart beat acquisition
data were not documented in one patient with
heart rate less than or equal to 65 beats/min.

Seven patients with heart rates greater than
65 beats/min underwent prospective scan-
ning, whereas the remaining 23 patients were
scanned retrospectively. In the control group,
prospective-gated acquisition was performed
in 12 patients, and retrospective acquisition
was performed in 18 patients (p = 0.273).

Image Quality Scores

A total of 900 potential coronary segments
were available for analysis (450 in each group,
comprising 15 segments/patient; Table 2).
Sixty-five segments (38 segments from the
heart rate greater than 65 beats/min group and
27 segments from the heart rate less than or
equal to 65 beats/min group) were anatomically
absent and were, therefore, excluded from
analysis, leaving 412 and 423 evaluable seg-
ments in the two groups, respectively.
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In patients with heart rates greater than 65
beats/min, diagnostic quality images (scores
of 1 and 2) were obtained in 95.6% (394/412)
of the analyzed segments, compared with
96.9% (410/423) in the group with heart
rates less than or equal to 65 beats/min (p =
0.7);92.9% (39/42) of the analyzed segments
in the three patients with heart rates greater
than or equal to 80 beats/min were of diag-
nostic quality.

The most common nondiagnostic segment
was the distal circumflex artery. These seg-
ments accounted for 50% of segments in the
group with heart rates greater than 65 beats/
min (9/18) and 84.6% in the group with heart
rates less than or equal to 65 beats/min
(11/13) (p = 0.04).

Effective Dose
The median effective dose was 22.40 mSv
(range, 3.07-40.32 mSv) for the patient group

Fig. 3—77-year-old woman with heart rate of 70 beats/min. She was scanned
using double-beat retrospective acquisition. Image shows distal circumflex artery
(arrow), which was assigned score of 3.

with heart rates greater than 65 beats/min
and 10.63 mSv (range, 2.96-27.93 mSv) for
the group with heart rate less than or equal to
65 beats/min (p < 0.001). The median effec-
tive dose was significantly higher in the ret-
rospective study than in the prospective study
for both groups (Table 3). The effective dose
increased with the number of heartbeat acqui-
sitions (p < 0.001; Table 4). The effective dose
could not be normalized for the z-axis field
of view and tube current because those data
were not documented for individual patients.

Discussion

To our knowledge, this study is the first
evaluation of image quality of coronary
artery segments in patients resistant to
fB-blocker therapy with heart rates greater
than 65 beats/min using 320-MDCT. A previ-
ous study showed that coronary artery imag-
es were diagnostic in nearly 90% of patients

TABLE |: Demographic Characteristics of Patients Undergoing Coronary
320-MDCT According to Heart Rates

Heart Rate >65Beats/ | Heart Rate <65 Beats/
Characteristic Min (n=30/390) Min (n=30/390) P
Age (y), median (range) 60.5 (37-87) 61.0 (37-84) 0.98
Male (no. of patients) 12 1" 0.14
Body mass index (kg/m?), median (range) 21.3(20.4-50.7) 21.5(21.0-41.9) 0.86
Heart rate (beats/min), median (range) 70(67-110) 60 (48-65) <0.001

aMann-Whitney Utest.
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TABLE 2: Image Quality of Coronary Artery Segments According to Heart Rate

Heart Rate > 65 Beats/Min | HeartRate <65 Beats/Min
Image Quality Score (n=412 Segments) (n=1423 Segments) &
1 339(82.3) 376 (88.9) 0.63
2 55(13.3) 34(8.0) 0.03
3 18 (4.4) 13(3.1) 0.36
Diagnostic quality 394 (95.6) 410(96.9) 0.7

Note—Data are no. (%) of segments.
aChi-square test.

TABLE 3: Effective Dose in Prospective

Versus Retrospective Gating

Heart Rate > 65 Beats/Min?

Heart Rate < 65 Beats/Min®

Variable Prospective

Retrospective

Prospective | Retrospective

No. of patients 1

Effective dose (mSv), median | 7.29(3.07-36.07)

(range)

22.68(11.44-40.32) | 5.72(2.96-9.42)

23 12 18
13.59(4.40-27.93)

p<0.03, Mann-Whitney Utest.
bp<0.001, Mann-Whitney Utest.

TABLE 4: Effective Dose Variability in Multibeat Acquisition

Number of Beats per Scan
Variable 1 2 3 4
No. of patients 31 18 8 2

Effective dose (mSv), |9.42(2.96-19.17)

median (range)

22.58(9.03-26.28)

31.25(21.82-36.07) | 31.97(23.62-40.32)

Note—p<0.001 by analysis of variance test, for all comparisons.

with mean heart rates less than 65 beats/min
using 320-MDCT [6]. However, the effect of
high heart rate on image quality has not been
documented in this setting. Hence, we spe-
cifically evaluated the image quality of coro-
nary artery segments in patients with heart
rates greater than 65 beats/min using 320-
MDCT because this patient group is com-
monly referred for cardiac evaluation. We
have shown that the vast majority (95.6%)
of coronary artery images were of diagnos-
tic quality in patients with heart rates great-
er than 65 beats/min. There was no statisti-
cally significant difference in the number of
diagnostic images between the groups with
heart rate greater than 65 and less than or
equal to 65 beats/min. More images of cor-
onary artery segments were given a score
of 2 (suboptimal quality but diagnostic) in
patients with heart rates greater than 65
beats/min compared with the control group
(55/412 [13.3%] and 34/423 [8.0%], respec-
tively; p = 0.03).

The distal circumflex artery was the most
common nondiagnostic segment (scored 3)
in our analysis. This was mainly the result of
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small vessel size in the setting of a dominant
right coronary arterial system.

Achieving low heart rate is vital, espe-
cially for earlier generation CT scanners,
because the temporal resolution needs to be
fast enough to produce motion-free images.
Significant image degradation was reported
at higher heart rates with 4- and 16-MDCT
scanners [13, 14]. Temporal resolution may
be a limiting factor even with 64-MDCT
scanners, whereby higher heart rates have
been shown to be independent predictors of
insufficient overall image quality [15-17].
The 320-MDCT scanner has a minimum
temporal resolution of 175 milliseconds [6].
Other CT units with different acquisition
techniques may have shorter temporal reso-
lution, which allows diagnostic imaging with
heart rates up to 90 beats/min [18].

The 320-MDCT scanner performs mul-
tisegment reconstruction by using data from
more than one heartbeat to improve the tem-
poral resolution when scanning patients with
high heart rates [5]. Using this method, parts
of the projection data from various cardiac cy-
cles are selected and combined for image re-

construction. The result is further improve-
ment in effective temporal resolution, which
can be as low as 80 milliseconds if the scan-
ner uses retrospective multibeat acquisition
[19]. Furthermore, there was a relatively wide
phase window in those patients who under-
went prospective ECG gating, allowing ad-
ditional reconstruction for images with sub-
tle motion artifact. The acquisition and recon-
struction technology of 320-MDCT has been
used to produce diagnostic motion-free im-
ages in most of our patients with heart rates
greater than 65 beats/min. The trade-off for
multibeat scanning is higher radiation dose
to the patients resulting from longer exposure
time [5]; 320-MDCT also enables whole
heart coverage because of its large field of
view (16 cm), thereby eliminating the stair-
step, or misregistration, artifact. This artifact
may occur as a result of noncontiguous scan-
ning used in a 64-MDCT scanner [6].

When using the ECG-gating technique,
the decision to proceed with a single-beat
or multibeat study is determined by the op-
erator after recommendation from the scan-
ner software. Preliminary assessment for the
mode of acquisition depends on the baseline
heart rate during the initial breath-hold test.
If the heart rate is less than or equal to 65
beats/min, a single-beat study is planned. A
multibeat study is planned for patients with
heart rates greater than 65 beats/min. How-
ever, scan protocol may change depend-
ing on the heart rate and rhythm during im-
age acquisition. A study that was initially
planned as a single-beat study may automati-
cally change to a multibeat study if the heart
rate speeds up dramatically during the scan.
The presence of ectopic beats, arrhythmia,
or ECG artifact, even in a patient with heart
rate less than or equal to 65 beats/min, will
trigger multibeat scanning. Also, a single-
beat study may be performed in a patient in
sinus rhythm with heart rate slightly above
65 beats/min.

The median effective radiation dose re-
ceived by patients with heart rates greater than
65 beats/min was 22.40 mSv (range, 3.07-
40.32 mSv). The cited radiation dose range
in cardiac CT is 3-26.2 mSv [20, 21]. The six
patients who received radiation doses greater
than 30 mSv underwent three-to-four-beat ac-
quisition studies. The patient who acquired the
highest effective dose of 40.32 mSv had a BMI
of 50.7 kg/m? and a heart rate of 110 beats/min
during a four-beat study. All the images of the
coronary artery segments for this patient, ex-
cept for the posterior descending artery, were
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of diagnostic quality. Two of the patients with
high heart rates underwent prospective two-to-
three-beat scanning to achieve good tempo-
ral resolution. A large number of our patients
with high heart rates were also imaged with
retrospective multibeat methods for left ven-
tricular functional assessment, which signifi-
cantly increased their radiation dose.

In comparison, the median effective radia-
tion dose received by the control group was
10.63 mSv. Although many of these patients
(18/30 [60%]) also had functional assess-
ment performed, most of the images were
acquired using single-beat retrospective gat-
ing. The overall effective dose is influenced
by the proportion of prospective versus ret-
rospective studies. Prospective gating was
shown to have a lower effective radiation
dose than retrospective gating, with dose re-
duction of up to 77% (22, 23]. The disadvan-
tage of using a prospective gating strategy is
that cardiac function cannot be assessed.

One of the limitations of this study is its
retrospective design. The interest in high-
er heart rates is grounded in the idea that,
if it were possible to scan patients without
f3-blockade, this would reduce cost, increase
scan turn-around time, decrease strain on
nursing staff, and avoid the uncommon ad-
verse reaction. Because this study was done
retrospectively, the patients in the high heart
rate group had experienced the usual inter-
ventions designed to reduce their heart rates.
This resulted in only a minor difference in
heart rates between the control group, at an
average of 60 beats/min, and the study group,
at 70 beats/min, which will limit the pow-
er of this study to detect differences in scan
quality related to patients with higher heart
rates. Future studies could be performed us-
ing larger patient numbers, which would per-
mit a wider range of heart rates to be ana-
lyzed, or a regression analysis could be used
to assess the trend toward lower image qual-
ity at higher heart rates. Because we had only
three patients with heart rates greater than or
equal to 80 beats/min, it would be of interest
to formally assess image quality in this sub-
group in a larger cohort.

The use of 320-MDCT is being studied for
myocardial perfusion [2]. Other new develop-
ments, including vascular profiling and con-
trast opacification gradients, have used single-
beat scanning with 320-MDCT [8, 24]. Fur-
ther assessment of these novel techniques in
the setting of multibeat cardiac CT will need
to be considered in light of our study, which
confirms the ability of multibeat acquisition
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to produce images of high diagnostic quali-
ty with high heart rate. To date, our data sup-
port work for coronary artery disease assess-
ment alone. There was no direct correlation
between our results and catheter angiography.
Our study focused on the evaluation of im-
age quality rather than correlation with cath-
eter angiography. Specific assessment of coro-
nary artery disease burden on cardiac CT was
not performed, which may have been differ-
ent in the two groups and potentially affected
our results. Also, there was no standardization
in gating acquisition protocols which affect-
ed radiation dose delivery to some patients.
Various acquisition protocols with lower ra-
diation doses have been proposed [6, 25].
These may be applied in future studies with
the specific aim to evaluate radiation dose re-
duction strategies.

In summary, our initial evaluation sug-
gests that coronary artery images of diagnos-
tic quality can be obtained in patients who
are resistant to B-blocker therapy with heart
rates greater than 65 beats/min using 320-
MDCT. This could be because of the inher-
ent technology of 320-MDCT, where scan-
ning with multibeat acquisition and multi-
segment reconstruction could be used in this
subgroup of patients.
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With the establishment that wide field of view CT and volumetric imaging were able to modify
previously widely held and universally accepted concepts of limitations in CT imaging, we
then considered whether, there were specific areas where volumetric imaging would have

significant impact.

Stroke is well recognized [31] as a major cause for both morbidity and mortality world wide.
It is also now recognized that the rate of stroke in low and middle income countries is
increasing with recent estimates of doubling of stroke rates in Southern India and rural South
Africa[32]. With the protocol for advanced imaging for acute stroke in major centres targeting
urgent acute intervention[33] and further protocols being investigated in the pre operative
arena with NM[34] it is paramount that the ability to yield maximal information from brain

perfusion techniques is considered as vital.

We therefore considered the potential for wide field of view CT and the possibilities for
greater clinical diagnostic yield when applying the wide field of view to brain perfusion
technique. The ability to visualize perfusion anomalies at an improved superior and inferior
extent may have significant clinical impact on acute management. That is, the clinical treating
team may find significant benefit in recognizing that a perfusion anomaly may either co exist
with a perfusion anomaly in the corona radiata, but may also exist as a unifocal abnormality

which may, if clinically difficult to localize, not be scanned specifically.

Our team therefore performed a retrospective analysis of the cases performed within the

department.

In summary, the work was undertaken to explore whether wide field of view CT would have
significant clinical impact in the medical imaging field of stroke imaging and specifically in the

area of brain perfusion. We present our results as our second published chapter.
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Abstract Objective: The aim of
the study was to compare 4 cm
with 16 cm Z-axis coverage in the
assessment of brain CT perfusion
(CTP) using. 320 slice multidetector
CT Methods: A retrospective non-
randomised review of CTP performed
on MD320 CT between September
2008 and January 2009 was under-
taken. Two experienced readers
reviewed the studies along with the
4 cm and 16 cm Z-axis CTP image
data set. The outcome parameters
assessed were the extent of the
original finding, any additional
findings and a change of diagnosis.
Results: 14 out of 27 patients

were found to have abnormal CTP

(mean age 58.1 years, 9 male). The
16 cm Z-axis increased the accuracy
of the infarct core in 78% and
ischaemic penumbra quantification
in 100% of the cases. It also diag-
nosed additional infarcts in the same
vascular territory in 28% of cases
and in a different vascular territory
in 14%. Conclusions: The increased
field of view with MD320 better
defines the true extent of the infarct
core and ischaemic penumbra. It also
identified other areas of infarction
that were not identified on the 4 cm
Z-axis.

Keywords CT - Brain - Infarct -
Ischemia - Perfusion

Introduction

CT perfusion (CTP) plays an important role in the acute
management of stroke by confirming the diagnosis and
providing quantification of infarct core and salvageable
penumbra. The main limitation has been a limited imaging
volume.

According to the World Health Organization (WHO),
stroke is the second single largest killer after coronary
artery disease and a leading cause of disability in the world
[1]. Prompt diagnosis and treatment has been shown to
decrease mortality and morbidity [2]. Neuroimaging plays
a vital role in this process. Various imaging techniques
have been used for brain perfusion measurement includ-
ing Xenon-enhanced computed tomography (XeCT),
positron emission tomography (PET), single photon
emission tomography (SPECT), magnetic resonance im-
aging (MRI) and computed tomography perfusion (CTP)
(3, 4].

Cerebral perfusion defects may be detectable before
non-enhanced CT and provide clinicians with a powerful
tool for stratification into a diagnosis, management and
prognosis stratification. With regard to CTP, slow Mean
Transit Time (MTT) has been shown to be the most
sensitive for acute ischaemia [4]. Low Cerebral Blood
Volume (CBV) is the most specific parameter for infarction
[5]. Areas with Cerebral Blood Flow (CBF) and CBV
mismatch are defined as penumbra and are possibly
salvageable if adequate perfusion is restored [6, 7]. The
main advantages of CTP over other imaging techniques are
its use in the emergency setting, its application in adults
and children, and the provision of Mean Transit Time
(MTT), Time to Peak (TTP), Cerebral Blood Flow (CBF)
and Cerebral Blood Volume maps (CBV) [3]. These aid in
defining the infarct core and the size of the ischaemic
penumbra. MTT is defined as the average time taken for
blood to pass through a given brain region. TTP is
calculated by the peak enhancement of the time-attenuation
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curve caused by the contrast bolus. CBF is defined as the
volume of blood passing through a brain region in a given
time. CBV is defined as the proportion of a given volume
of brain that is composed of blood [8].

The limited anatomical coverage of 2048 mm thickness
has been recognised as the traditional disadvantage of CTP
with 16 and 64 slice systems. The recent introduction of the
“toggling-table” technique with some of the 64 slice CT
systems, although allowing increased coverage with non-
contiguous slices, is still unable to cover the whole brain
[9]. Multiple CT perfusion protocols exist with varying
kVp, mAs [10], contrast density [11], image frequency [12,
13], reference vessels, regions of interest and post
processing algorithms [14]. kVp of 80, higher contrast
density and image frequency of at least one image per 3
seconds have been shown to provide diagnostic image
quality with lower radiation dose.

Current CTP protocols with most 16 slice and 64 slice
CTenabling a4 cm field of coverage around the level of the
foramen of Monro provides assessment of part of the cortex
supplied by the anterior cerebral artery (ACA), middle
cerebral artery (MCA) and posterior cerebral artery (PCA).
This has been shown to have 95% sensitivity in the
detection of supratentorial acute infarction [15]; however,
identification of lesions in the superior cerebrum, cere-
bellum and brain stem is significantly limited because
they are outside the field of view. In addition quantifica-
tion of the size of the infarct and penumbra size is
inadequate because of a lack of coverage [16]. The
addition of CTA to non-enhanced CT brain (NECT) and
CTP has also been shown to increase the accuracy of
infarct localisation and the site of vascular occlusion [17].
However, until recently the NECT, CTA and CTP were
done as separate examinations leading to longer imaging
time and higher radiation dose.

The recent introduction of 320 slice multidetector CT
with 16 cm Z-axis coverage addresses the problem of
limited anatomical cover by being able to image the entire
brain in one rotation [18, 19]. In addition the 320 detector
CT system can acquire the NECT, CTA and CTP in a
single examination requiring 68 seconds overall. The
aim of this study was to compare the 4 and 16 cm Z-
axis coverage of CTP in the assessment of cerebral
ischaemia.

Materials and methods
Patients

A retrospective systematic audit of all CTP performed on
consecutive patients in the clinical setting of cerebral
ischaemia or infarct between September 2008 and January
2009 using the MD320 16 cm Z-axis system was
undertaken. No patients having a CTP were excluded.
All the patients underwent CT within 16 hours of acute

stroke like symptoms such as unilateral paresis or pares-
thesia presenting to the emergency department or post
neurosurgical intervention complicated by new neurologi-
cal deficit. All patients were referred by the stroke,
neurology and neurosurgery units. Institutional approval
was granted.

Imaging

All imaging was performed using 320 Multislice CT
(Aquilion One Toshiba medical systems, Tokyo, Japan).
Dynamic volume CT was employed comprising multiple
volume acquisitions of the entire skull in an axial fashion,
i.e. no table movement. The 0.5 mm MD320 detector array
enabled 16 cm z-axis coverage. The imaging range covered
from below the C1 vertebrae to the skull vertex. Imaging
parameters were 80 kVp, 300-350 mA and a gantry
rotation of 750 milliseconds. Contrast medium was
administered as a biphasic injection using a Stellant Dual
chamber contrast injector (Medrad, Warrendale, USA).
Phase one consisted of 60 mls of Ultravist 370 (Bayer-
Schering pharmaceuticals, Berlin, Germany) and phase
two a 50 ml saline flush. Contrast medium was injected at a
rate of 5 ml/second. All dynamic volumes were recon-
structed to 0.5 mm slices with no interspace gap. All
volumes were loaded in to the Toshiba console perfusion
package (Toshiba medical systems, Tokyo, Japan). The
ICA was manually selected as the arterial baseline. The

Table 1 CTP Comparison between 4 cm Z-axis and 16 cm Z-axis
multidetector CT perfusion

Patient Number of diagnoses Additional diagnostic New
based on 4 cm FOV  information based on Infarct

16 cm FOV

Infarct size Ischaemic
penumbra size

1 1 Yes Yes Yes
2 1 Yes Yes Yes
3 1 Yes Yes Yes
4 2 Yes Yes Yes
5 1 Yes Yes No
6 1 No Yes No
7 1 Yes Yes No
8 2 Yes Yes No
9 1 Yes Yes No
10 1 No Yes No
11 1 Yes Yes No
12 1 Yes Yes Yes
13 1 No Yes No
14 1 Yes Yes Yes
Total 16 11 14 6
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superior sagittal sinus was manually selected as the venous
baseline. Cerebral Blood Flow (CBF), Cerebral Blood
Volume (CBV), Mean Transit Time (MTT) and Time To
Peak (TTP) perfusion maps were then automatically

created. 3D perfusion maps were also imaged as required.
Dynamic Angiography MIP ‘movies’ displaying a cine-
matic transition through the vascular phases were also
generated in AP, Lateral and SI projections.

Fig. 1 61-year-old man post-anterior communicating artery aneu-
rysm clipping. CBF, CBV and MTT maps from the 4 cm Z-axis
demonstrate an infarct in the anteromedial right frontal lobe. CBF,
CBV and MTT maps from a 16 cm Z-axis show an additional infarct
in the right temporal lobe. Non-enhanced CT one week before
presentation does not show an abnormality in the right temporal lobe

with the follow up CT one week post presentation confirming
development of the right temporal infarct. a—¢, CBF, CBV and MTT
at typical section of the 4 cm Z-axis d—f, CBF, CBV and MTT using
the 16 cm Z-axis g, NECT brain one week before presentation h,
NECT brain one week post-presentation
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Image analysis

27 patients were identified. Two experienced readers
undertook consensus assessment of the studies using the
axial CTP maps. They reviewed the standard 4 cm Z-axis
coverage CTP centred around the foramen of Monro
reconstructed from the raw data and a diagnosis was
assigned. This was followed by review of the 16 cm Z-axis
CTP image data set covering the whole brain and a
diagnosis was assigned. All results were recorded and
analysis was performed with regard to the extent of disease
and change of diagnosis. Some of the CTP studies included
a CTA, and when available this was also reviewed to aid
the diagnosis in both the 4 cm Z-axis and 16 cm Z-axis.
Parameters used in the analysis included: change in the
craniocaudal size of the initial abnormality detected and
new abnormalities detected outside the 4 cm Z-axis.

Results

27 patients who underwent CTP were assessed, (mean
age 58.1 years, 9 male, range 32-80) of whom 14 had
abnormal CTP. The results are displayed in Table 1. The
mean effective radiation dose for CTP was 7.6 mSv (range
7.3-7.9 mSv).

Patients with a normal 4 cm Z-axis CTP did not have any
new abnormalities detected on the 16 cm Z-axis CTP. All
the 14 patients (100%) with abnormal 4 cm Z-axis had
additional diagnostic information based on the 16 cm
Z-axis review; this was because of the increased area of
ischaemic penumbra (100%) or infarction (78%). 6 (42%)
patients had a separate infarction outside the 4 cm Z-axis,
of whom 4 patients (28%) had the infarct in the same
vascular territory and 2 patients (14%) had an additional

infarct in a separate vascular territory. There was no change
in the original diagnosis in any of the patients. No
unexpected findings such as neoplasm or vascular malfor-
mation were found. The comparison results are provided in
Table 1. Sample cases are displayed in Figs. 1, 2, 3 and 4.

Discussion

The 16 cm Z-axis dynamic coverage with 320 slice CT is a
considerable improvement upon the options using previous
multidetector CT systems. We were able to examine 16 cm
along the z-axis in one acquisition. Whole brain CT
perfusion was obtained, which not only increased the
detection of defects but also altered the severity of
perfusion deficits that would not have been detected had
the study been undertaken with a 4 cm Z-axis.

Standard 16 or 64 slice CT generally uses ACA or MCA
as the reference artery. Partial volume artefact from these
small vessels, which do not lie completely in the image
plane, reduces the peak intensity and the signal to noise
ratio [15]. The MD320 provides the choice of using the
arterial and venous reference from the entire imaging
volume, allowing the selection of the larger calibre internal
carotid artery as the arterial reference rather than the
smaller calibre ACA or MCA which are prone to partial
volume effect. The largest section of the superior sagittal
sinus can be used for the venous reference. These factors
increase the accuracy of MTT, CBV and CBF [15]. The
ability to acquire the whole brain perfusion in one rotation
also increases the accuracy of the MTT, CBV, CBF and
TTP measurements because it eliminates the time delay
between slices in the “toggling-table” technique [10]. The
main advancement of the MD320 compared to its proto-
type 256-slice predecessor include a larger Z-axis of 16 cm

Fig. 2 65-year-old woman with right leg weakness post-pericallosal
artery aneurysm clipping. MTT map from the 4 cm Z-axis shows
absent MTT in the anterior left frontal lobe. MTT and CBV maps
superiorly using a 16 cm Z-axis show an infarct core and large area
of penumbra in the superomedial left frontal lobe. a, CTP MTT map

from the 4 cm Z-axis shows asymmetrical absent MTT in the
anterior left frontal lobe. b, CTP MTT map from the 16 cm Z-axis
shows increased MTT in the superior left frontal lobe.c, CTP CBV
map from the 16 cm Z-axis shows decreased CBV in the superior
left frontal lobe
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Fig. 3 MTT map from the 4 cm Z-axis shows absent MTT in the
right frontal lobe MCA distribution. MTT map from the 16 cm Z-
axis shows the increased MTT superiorly in the distribution of the
ACA in addition to extension of the MCA distribution abnormality.
The dynamic CTA shows contrast opacification of the right ICA
with no contrast in the right MCA and ACA. The diagnosis of acute
right supraclinoid ICA occlusion was made. In addition the dynamic
images showed delayed antegrade opacification of proximal extra-
cranial right ICA which suggested an additional finding of proximal

vs 12.8 cm. Due to the smaller Z-axis in the 256 prototype,
table motion was required for the CTP of the whole brain
resulting in some time delay. In addition rotation time
improved from 1 second to 750 milliseconds (temporal
resolution 375 milliseconds). From a clinical perspective
new reconstruction algorithms resulted in faster processing
time [19].

The mean radiation dose of the MD320 NECT, CTP and
CTA was 7.6 mSv; this was considerably lower than the
equivalent CT examination performed on our department’s
64-slice CT system (mean dose 9.59 mSv). The MD320
mean radiation dose was higher than the mean dose using
256-slice CT (4.6 mSv) [19].

Our review showed that all the patients with an abnormal
4 cm Z-axis CTP had additional information either contribut-
ing to the original diagnosis or adding a new diagnosis. 28%

ICA stenosis. This could not be appreciated on the axial CTA
images a, 4 cm Z-axis CTP MTT map shows absent MTT time in
the right frontal lobe and increased MTT in the right parietal lobe b,
16 cm Z-axis CTP MTT map shows absent MTT extending
superiorly in the right frontal lobe and increased MTT in the
superomedial right frontal lobe. c—e, dynamic 16 cm Z-axis CTA
shows lack of opacification in the right ICA during the early arterial
phase and persistent opacification during the venous phase

had an additional infarct core identified outside the 4 cm Z-
axis within the same vascular tetritory. 14% had an additional
infarct core identified outside the 4 cm Z-axis within another
vascular territory. In one case a 61 year-old man had a CTP 24
hours after an anterior communicating artery aneurysm
clipping for evaluation of vasospasm. The 4 cm Z-axis
demonstrated an infarct in the territory of the right ACA.
Review of the 16 cm Z-axis demonstrated the large superior
extent of the infarct core and ischaemic penumbra. In addition
it demonstrated a separate infarct in the right MCA territory.

Another case involving a 47-year-old woman who
presented with acute left arm and leg weakness demon-
strated the added value of the combination of 16 cm Z-axis
CTP with dynamic CTA. 4 cm Z-axis showed a right
frontal lobe MCA distribution infarct. 16 cm Z-axis
showed superior extension of the MCA distribution infarct
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Fig. 4 64-year-old woman with
a large right ICA aneurysm.

4 cm Z-axis CBF map shows
reduced flow on the right side;
the extent of the reduction is
further appreciated on the 16 cm
Z-axis CBF which shows that
the abnormality affected the
entire right hemisphere. The
dynamic CTA demonstrates
contrast streak into the supra-
clinoid aneurysm originating
from the right ICA. a, CTP CBF
map from the 4 cm Z-axis shows
decreased CBF in the right
hemisphere consistent with steal
phenomena in this case b, CTP
CBF map from the 16 cm Z-axis
shows decreased CBF in the
right hemisphere extending
superiorly towards the vertex ¢,
3D VR image demonstrates a
large right ICA aneurysm d,
Dynamic CTA image shows
contrast plum within the
aneurysm originating

from the right ICA

with a large area of ischaemic penumbra. In addition a
superiorly positioned right paramedian frontal lobe infarct
in the ACA distribution was identified. The Dynamic CTA
showed contrast opacification of the right ICA with no
contrast in the right MCA and ACA. The diagnosis of acute
right supraclinoid ICA occlusion was made. In addition the
dynamic images showed delayed antegrade opacification
of proximal extracranial right ICA which suggested an
additional finding of proximal ICA stenosis. This could not
be appreciated on the axial CTA images.

Specific assessment of small infarcts in perforator areas
was not the aim of the study and was not performed, we
expect the identification would be difficult because of
limitations in the CTP spatial and contrast resolution.
Comparison to MRI DWI would be the gold standard
however this was not part of the study design and was not
performed. Review of NECT performed for all the 14
patients a week or longer after their CTP did not reveal
additional areas of infarction that were not identified on the
CTP. This suggests a high negative predictive value.

The whole brain volume acquisition with MD320
also allows simultaneous NECT, CTP and CTA acqui-

sition, which will reduce imaging time and radiation
dose. The MD320 perfusion software package allows
rapid post-processing time with images made available
within § minutes of completing CT data acquisition.
This provides the clinicians with relevant diagnostic
information for patient stratification into an appropriate
treatment protocol and can improve patient outcome.
Further studies assessing the patient outcomes in acute
cerebral ischaemia based on the whole brain CTP
coverage are needed [20].

Conclusion

The MD320 provides an increased field of view of 16 cm
along the Z-axis allowing whole brain perfusion acquisi-
tion. The increased field of view better defined the true
extent of the identified infarct core and ischaemic penum-
bra. It also showed other areas of infarction that were not
identified on the 4 cm Z-axis. Further studies are required
to assess the implications for stroke diagnosis and
treatment outcome.
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CHAPTER 3:

NORMAL PERFUSION OF THE LEFT VENTRICULAR MYOCARDIUM

USING 320 MDCT
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With the introduction of 64 slice multidetector CT units, which achieved isometric imaging,
high resolution imaging was possible up to less than 1mm in resolution. This allowed the
subsequent development and utilization of advanced post processing techniques, allowing
assessment of tissues in a multiplanar format. Significant advances in vascular assessment
were therefore possible. However, whilst spatial anatomical resolution attained this advent,

the issue of tissue function was only just beginning.

Tissue function can be secondarily assessed when administering iodinated contrast agents
intravenously; the technique is referred to as perfusion. Brain perfusion has gained
acceptance and is currently being implemented in routine protocols. However brain perfusion
assessment has traditionally been evaluated in the non emergent setting with both NM [35]

and MRI[36, 37] with CT being utilized in the emergent setting[38].

Although myocardial tissue may be subject to ischaemia secondary to obstructive coronary
artery disease, a fundamental issue is to be able to determine whether the myocardium is
subject to functional impairment. The assessment of myocardial perfusion has traditionally

been investigated with NM[39-41] and cardiac MRI[42, 43].

However, with the introduction of high diagnostic quality CT imaging of the heart, myocardial
perfusion assessment with CT has been of significant interest. CT offers a significant valuable
alternative for the diagnosis of coronary artery disease but its value in determination the level
of functional obstruction of the relevant coronary stenosis remains uncertain with some
provisional research proposing that an abnormal CT of the coronary arteries remains a poor

predictor of ischaemia[44, 45].

As wide field of view CT is a relatively new introduction into myocardial perfusion, our next
paper intends to establish a baseline of myocardial density assessment. In particular, we aim

to establish baseline density measurements of the myocardium in a cohort of patients with
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normal coronary arteries, in order to form a foundation from which to better define density

variations in those patients with obstructive coronary artery disease.

Our next chapter establishes the CT densities, in Hounsfield Units, of the myocardial
segments, in a cohort of patients with normal coronary arteries, in the wide field of view CT

scan.
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BACKGROUND: CT myocardial perfusion imaging is an emerging CT application using density
measurements of contrast-enhanced left ventricular (LV) myocardium.

OBJECTIVE: Using a 320-MDCT we have consistently observed lower Hounsfield unit (HU) values
in the lateral LV myocardium, potentially mimicking perfusion defects. This study aimed to evaluate
contrast-enhancement patterns of the LV myocardium in normal studies.

METHODS: Twenty-one clinical cases with normal coronary MDCT-based angiography findings, as
determined by 2 qualified readers, were selected for retrospective evaluation. Using 8 identically sized
and positioned ROISs, the HU measurements were recorded from short axis axial reconstructions through
the LV myocardium in middle, apical, and basal locations. Scans were acquired on a 320-slice MDCT unit.

RESULTS: The middle short axis location demonstrated HU densities of 79.4 (range 42.3-162.7) in the
lateral myocardial wall (regions 2, 3, and 4) compared with 103.9 (range 11.4-159.6) in the inferior, sep-
tal, and anterior walls (regions 1, 5, 6, 7, and 8; P < 0.001). HU densities for the basal slice were 82.3
(range 51.5-168.4) in the lateral wall compared with 94.9 (range 35.3-144) in the inferior, septal, and an-
terior walls (P < 0.001). In the apical location, HU densities were 79.9 (range 42.3-139.3) in the lateral
wall compared with 100.9 (range 69.0-170.5) in the inferior, septal, and anterior walls (P < 0.001).

CONCLUSION: Normal LV myocardial enhancement using a 320-slice MDCT demonstrates signifi-
cantly lower densities in the lateral wall when compared with the anterior, septal, and inferior walls in patients
with normal coronary vascular anatomy. Assessment of CT myocardial perfusion studies should therefore be
undertaken with caution, to prevent misrepresenting these lower-density values in the LV lateral wall.
Crown Copyright © 2011 Published by Elsevier Inc on behalf of Society of Cardiovascular Computed
Tomography. All rights reserved.

Introduction

Multiple studies have shown that noninvasive coronary
computed tomography angiography (CTA) has a high negative
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any obstructive disease using this purely anatomical method
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has proven unreliable in predicting functional significance.*
Furthermore, obstructive disease identified by coronary CTA
is not a good predictor of reversible ischemia.”®

The revascularization of reversible ischemia caused by
obstructive coronary disease has been shown to improve
clinical outcomes,”® whereas medical therapy appears
equally successful in the treatment of nonfunctionally sig-
nificant coronary disease.” Therefore, functional imaging
combined with invasive or noninvasive anatomical assess-
ment is desirable in the assessment of coronary artery dis-
ease to determine appropriate treatment.

CT myocardial perfusion imaging using a pharmacolog-
ical stress agent such as adenosine is a growing application
that uses multidetector CT (MDCT) to demonstrate both
anatomical and functional information within the one
examination. Initial studies have shown a good correlation
with quantitative coronary angiography combined with
single-photon emission CT imaging in determining ob-
structive disease and subsequent reversible ischemia,'®!!

MDCT perfusion techniques have been evolving over the
past few years, although arguably it may be said that
myocardial perfusion studies are still a work in progress.
Current image analysis methods use either thin multiplanar
reconstructions (MPRs), thick MPRs, and minimum inten-
sity projections of the left ventricular (LV) myocardium to
highlight areas of reduced contrast enhancement compared
with normal myocardium.'® Another method uses a trans-
mural perfusion ratio, which compares the Hounsfield unit
(HU) densities of the subendomyocardial regions with those
in the subepimyocardium.'® All of these methods rely on an
accurate assessment of the contrast media perfusion in the
myocardium through HU measurements. This attenuation-
based assessment can be adversely affected by a number
of artifacts, including beam hardening, which have been
documented in previous studies.'>'* One such study exam-
ined normal myocardial perfusion using 64—detector row
CT" and noted significantly higher attenuation values in
the LV myocardium septum compared with values measured
in the lateral and inferior myocardial wall regions, which
were found to be similar. In our institution, using a 320-de-
tector row CT, we have also observed nonuniform attenua-
tion values in the LV myocardium, even in cases where the
presence of coronary disease was not demonstrated.

We therefore designed this study with the aim to identify
different attenuation patterns of the contrast-enhanced LV
myocardium in patients with no detectable coronary artery
disease using a 320—detector row CT scanner.

Methods

Study design

All patients referred to our institution for coronary CTA,
and who present with nonacute chest pain, routinely
undergo a prospectively gated study using a 320-detector

row CT (Aquilion ONE, Toshiba Medical Systems, Nasu,
Japan). Following institutional approval, cases performed
over 14 days were evaluated by 2 qualified readers (Amer-
ican Society of Cardiovascular CT Level 3) using the fol-
lowing exclusion criteria: the presence of any coronary
artery disease including calcified or noncalcified plaques;
coronary anomalies, such as congenital heart disease; cardi-
omyopathy; cardiac motion; and suboptimal image signal
to noise. The 21 cases that were not excluded using these
criteria were therefore used for this retrospective study.

Patient preparation

Patient preparation involved heart-rate control using oral
metoprolol (if not contraindicated) where the patient’s heart
rate was above 60 beats per minute. Where the heart rate
was between 60 and 70 beats per minute, an oral dose of
50 mg was administered 1 hour before the scan. An oral
dose of 100 mg of metoprolol was used for heart rates
above 70 beats per minute. This routine was followed de-
spite the scanner’s software programming, which performs
a single-beat single-sector acquisition at a heart rate of less
than 65 beats per minute. The reason for implementing
metoprolol therapy in those at the lower end of tolerance
was to reduce the likelihood of a rise in heart rate during
contrast administration and breath-hold, and the subsequent
acquisition of a multibeat study resulting in a higher ioniz-
ing radiation burden. If the heart rate was found to be above
65 beats per minute at the time of the scan, intravenous me-
toprolol was administered in 5-mg boluses up to 30 mg
until a heart rate of 60 beats per minute was achieved.

Immediately before the scan, a 40-pg oral dose of nitrate
spray was delivered sublingually. A biphasic contrast
injection protocol was used. The initial phase consisted of
75 mL of iohexal 56.6 g/75 mL (Omnipaque 350) at 6 mL
per second followed by a secondary phase of 50 mL of
normal saline at the same injection rate. Automatic bolus
tracking was used to trigger the image acquisition, with the
region of interest (ROI) placed in the descending aorta and
the scan triggered once the density value reached 300 HU.

Scan technique

The 320-row scanner is unique, as it uses a 320 X 0.5-mm
detector row, providing up to 16 cm of z-axis coverage in a
single tube rotation, enough to capture the entire heart. The
scan range for the cardiac CTA covered from the inferior
carina to immediately below the heart base. Where possible
(ie, where the heart size permitted), the number of detector
rows used was reduced to 280 or 240 to reduce the radiation
dose to the patient. A tube rotation speed of 350 ms was used
with a tube potential of 100 kV for patients with a body mass
index (BMI) of less than 23 kg/mz, 120 kV for BMIs between
23 and 39 kg/m?, and 135 kV for patients with a BMI higher
than 40 kg/m®. A tube current of between 400 to 580 mA was
used, also depending on patient BMI. Prospective gating was

38



408 Journal of Cardiovascular Computed Tomography, Vol 5, No 6, November/December 2011

Figure 1 Horizontal long-axis slice demonstrating the basal,
mid, and apical slice positions used for the density measurements.

used with a modest widened acquisition window providing
the opportunity for reconstructed phases between 70% and
80% of the R-to-R interval. Where the heart rate remained
below 65 beats per minute during the acquisition, the study
was completed within a single heartbeat. Where the heart
rate increased to more than 65 beats per minute, or an ectopic
beat was encountered, a multisector acquisition was initiated
by the scanner’s arthythmia rejection software.

The scan data were automatically reconstructed at the
75% R-to-R phase using 0.5-mm slices overlapping every
0.25 mm using a cardiac algorithm (FC03) developed to
reduce beam-hardening artifacts within the LV myocardium
primarily caused by the contrast-enhanced LV and descend-
ing aorta."

Where cardiac motion was detected in the initial data
set, additional phases were reconstructed. Clinical evalua-
tion, including image analysis and postprocessing, were
performed using a Vitrea FX Workstation (Vital Images,
Minnetonka, MN). All myocardial density ROI measure-
ments, however, were performed using the MDCT scan-
ner’s console software.

Image analysis

To measure the left myocardial density values, 5-mm-
thick contiguous MPR slices were generated covering the
entire LV myocardium in the short axis. The middle slice
was selected and labeled as the “mid” slice. A slice 20 mm
toward the apex was labeled “apex” and another, 20 mm
toward the base, was labeled “base,” as shown in Figure 1.

Eight identically sized rectangular ROIs were symmet-
rically positioned within the LV myocardium for the 3
designated short-axis MPRs, in identical spatial locations
for each slice, as shown in Figure 2. The locations of the

ROI measurements did not follow the American Heart As-
sociation 17-segment model of myocardial segments. In-
stead, more frequent samples of the myocardium were
performed (a total of 24 ROIs compared with 17 myocardial
segments) owing to our assumption of significant variation
in myocardial density, which would likely not conform to
the traditional 17 segments. We therefore increased the
number of sampled regions to more accurately assess the
range of LV densities, while at the same time keeping the
ROI large enough to maintain adequate signal to noise.

Statistical analyses

All values presented are the mean * standard deviation
for continuous variables. One observer collected all HU
densities using a 24-ROI template under the supervision of
an accredited cardiac CT radiologist (American Society of
Cardiovascular CT Level 3). HU measurements were
recorded for each ROI positioned in the basal, mid, and
apical slice locations. Median HU densities were compared
between the lateral (regions 2, 3, and 4) and the inferoseptal
regions (regions 1, 5-8) and compared using Mann-
Whitney U tests (SPSS, V 16, Chicago, IL). A P value of
< 0.05 was defined as statistically significant.

Results

A total of 21 patients (54 = 10 years, 13 men and
18 women) who had no cardiac disease were included for
investigation of HU densities. Baseline characteristics for
the study participants, including cardiac risk factors are
described in Table 1.

Figure 2  Short-axis slice demonstrating the ROI locations and
associated wall densities within the LV myocardium.
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Table 1  Demographics for the patients undergoing coronary
(T angiography using 320 MDCT

n/N
Number 21
Age, y 54 = 10
Male/Female 13/18
Height, cm 170 = 10
Weight, kg 77 £ 11
Body mass index, kg/m? 271 +5
Hypertension 11/21
Non-insulin-dependent diabetes mellitus 1/21
Current/previous smoker 3/21
Hypercholesterolemia 5/21

Values shown are mean = standard deviation.

HU densities (median, ranges) for the ROIs located in
the lateral myocardial wall positions (2, 3, and 4) demon-
strated significantly lower HU densities when compared
with the septal and inferior wall locations, in the basal, mid,
and apical slice locations. The middle short-axis location
demonstrated HU densities of 79.4 (range 42.3-162.7) in
the lateral myocardial wall (regions 2, 3, 4) compared with
103.9 (range 11.4-159.6) in the inferior, septal, and anterior
walls (regions 1, 5, 6,7, 8; P < 0.001). HU densities for the
basal slice (base) were 82.3 (range 51.5-168.4) in the lat-
eral wall compared with 94.9 (range 35.3-144) in the infe-
rior, septal, and anterior walls (P < 0.001). In the apical
location, HU densities were 79.9 (range 42.3-139.3) in
the lateral wall compared with 100.9 (range 69-170.5) in
the inferior, septal, and anterior walls (P < 0.001). These
results are shown in Table 2.

All 8 individual ROIs within the LV myocardium in the
basal, mid, and apical slice locations were compared.
Results show that ROI 3, located in the lateral myocardial
wall, measured the lowest HU density in each of the 3 axial
slice locations. ROI 7, located in the septal wall, measured
the highest density in the basal and mid slice locations,
whereas ROI 8, located in the anteroseptal wall, measured
the highest HU density in the apical slice. Results are
shown in Table 3.

Table 2  Comparison of computed tomography attenuation
values for lateral myocardial regions (2,3, and 4) and
inferoseptal myocardial regions (1, 5-8), (median, ranges)

Location 1, 5-8
and 4 (lateral) (septo-basal) P*

Base  82.3 (51.5-168.4)  94.9 (35.3-144) < 0.001
Mid  79.4 (42.3-162.7) 103.9 (11.4-159.6) < 0.001
Apex  79.9 (42.3-139.3) 100.9 (69-170.5) < 0.001

*Mann-Whitney U test.

Location 2, 3,

Table 3 Computed tomography attenuation values of the
left ventricular myocardium for all region of interest locations
in the basal, mid, and apical slices (median, ranges)

Region of interest Wall density, median

Location location (ranges)

Base
1 Anterior 88.8 (49.1-141.1)
2 Anterolateral 80.4 (51.5-141.5)
3 Lateral 80.2 (54.1-168.4)
4 Inferolateral 85.4 (60.8-137.8)
5 Inferior 87.3 (35.3-133.9)
6 Inferoseptal 101.1 (69.5-139.1)
7 Septal 112.0 (77.9-144.0)
8 Anteroseptal 95.7 (54.4-134.1)

Mid
1 Anterior 93.1 (60.1-151.0)
2 Anterolateral 81.0 (55.9-161.8)
3 Lateral 70.8 (42.3-162.7)
4 Inferolateral 79.7 (61.7-119.7)
5 Inferior 99.9 (77.0-152.3)
6 Inferoseptal 99.6 (80.2-159.6)
7 Septal 109.9 (11.4-152.8)
8 Anteroseptal 107.2 (75.7-156.6)

Apex
1 Anterior 98.9 (73.9-148.0)
2 Anterolateral 87.6 (56.1-139.3)
3 Lateral 73.4 (42.3-134.9)
4 Inferolateral 82.2 (67.4-127.4)
5 Inferior 102.2 (78.8-159.2)
6 Inferoseptal 100.4 (69.5-149.3)
7 Septal 98.9 (69.0-170.5)
8 Anteroseptal 103.4 (75.1-167.4)

Discussion

Our results demonstrate a consistent pattern of reduced
HU density within the lateral LV myocardial wall in all
short-axis slice locations. More specifically, the average
HU density for ROI 3 located in the lateral myocardial wall
in the mid short-axis slice was only 70.8 HUs, compared
with 109.9 HUs in ROI 7 located in the septal wall,
representing a difference of 39.1 HUs. This differential may
be of sufficient magnitude to affect the accuracy of MDCT
myocardial perfusion imaging, where the recognition of
small differences in HU densities between ischemic myo-
cardium and normally perfused myocardium is crucial.
Furthermore, failure to appreciate the potential for lower
density regions within the lateral myocardium, even within
normal cases, could result in false-positive conclusions.
Our results demonstrate that the patterns of HU densities
within the LV myocardium are not consistent throughout
the entire myocardium, even in cases without identified
coronary artery disease.

The reasons for an inconsistent HU density pattern are
most likely complex. Dense structures adjacent to the
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inferior and septal myocardium, such as the diaphragm and
right heart, contribute to an increase in HU density owing to
beam-hardening effects, whereas the lateral myocardial
wall, typically located adjacent to air within the lung, is not
subject to similar beam-hardening effects as those myocar-
dial areas adjacent to more dense thoracic structures.
Additionally, cone beam artifacts, owing to the wide fan
beam angle used by the 320-detector row CT, should also
be considered given the inferior LV wall was typically
positioned toward the inferior edge of the detector row in
the z direction. This region demonstrated higher HU
densities when compared with the lateral LV wall, which
was typically located in the center of the detector row.

A number of limitations exist in our study. First, density
measurements of the myocardium were performed only by
placing ROIs in the center of the myocardial wall, and
therefore specific measurements of the subepicardial,
midmyocardial, and subendocardial layers were not per-
formed. Pathological processes, such as ischemia, infiltra-
tion, endothelial dysfunction, and inflammation, which may
target specific areas or layers within the myocardium, have
therefore not been taken into account in our study. Second,
no correlation with functional imaging, such as myocardial
perfusion imaging or echocardiography was able to be
performed. These results may have demonstrated a perfu-
sion defect or functional abnormality owing to nonischemic
causes, despite the absence of MDCT-evident coronary
artery disease. Furthermore, our study used coronary CTA
to determine the absence of occlusive coronary artery
disease and not the gold standard of catheter-based angi-
ography; however, we believe this was a reasonable part of
our study design owing to the recognized high negative
predictive value of coronary CTA for the detection of
coronary artery disease generally.

Coronary CTA using a 320-row detector system is a
static acquisition where the examination is performed in
single phase of contrast perfusion from as little as a fraction
of 1 heartbeat. The study, therefore, does not account for
possible normal changes or variations in myocardial per-
fusion over time. It is possible that MDCT-based LV
myocardium perfusion may demonstrate a different pattern
of enhancement at an earlier or later acquisition time after
contrast media administration; however, this was not
performed, because to collect such data would involve a
substantial increase in the patient’s radiation exposure, as it
would involve multiple electrocardiogram-gated acquisi-
tions covering the entire heart. Our study included data
using a limited range of cardiac phases, typically between
70% and 80% of the R-to-R cycle, and all within the
same heartbeat. This variation in cardiac phase was neces-
sary to produce a diagnostic study with no coronary artery
or myocardial motion; however, phases outside those de-
scribed were not evaluated, as they demonstrated artifacts
within the myocardium owing to cardiac motion. Data
recorded from such phases could potentially result in inac-
curate density measurements of the myocardium where

areas of dense contrast from the enhanced LV blood pool,
or air from the lung, blur together with the myocardium
to cause false density values. The effects of beta-blockade
medication on coronary macrovascular or microvascular
blood flow within the myocardium, affecting contrast per-
fusion, may also be a limitation. Our findings, however,
are still noteworthy, as the use of metoprolol has been de-
scribed for the purpose of heart rate control in CT myocar-
dial perfusion imaging.'®

Despite these limitations, our study demonstrates a
pattern of lower HU densities within the lateral LV
myocardial wall, which was replicated in all axial-slice
locations and in all patients. Further research into the cause
and potential solution to this varied attenuation pattern is
therefore required. An identical study to examine HU
density patterns of the LV myocardium in MDCT perfusion
using other MDCT detector rows (ie, 128 detector row),
including dual-source units, is also required to further
quantify this effect in terms of beam hardening and the
effect of various reconstruction algorithms. In addition,
examining the effects of variations in scan parameters, such
as acquisition slice width, beam pitch, and reconstruction
algorithms, may also be warranted.

Conclusion

In healthy patients, where coronary artery disease is not
identified on coronary CTA, LV myocardial enhancement
using a 320-MDCT protocol demonstrated significantly
lower HU densities in the lateral wall when compared with
the anterior, septal, and inferior wall regions in apical, mid,
and basal short-axis locations. Assessment of the LV
myocardium using HU perfusion studies should therefore
be undertaken with caution to prevent misrepresenting the
lower HU density values in the LV lateral wall as neces-
sarily indicating disease status. Further research into the
cause of this nonuniform myocardial density pattern would
be of great clinical value, but must include a similar
assessment of other MDCT and allied technologies cur-
rently used for perfusion studies of the LV myocardium.
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With our establishment of a baseline of normal myocardial segmental densities in the setting
of wide field of view CT scanning of coronary arteries, we considered the issue of functionally
significant obstructive coronary artery disease. A number of investigators had begun to
consider the issue of CT stress perfusion and the ability to detect functionally significant

ischaemia with density variations of the myocardium[46-49]

Our next aim was to determine whether it was possible, with wide field of view CT scanning,
to detect a statistically significant difference between myocardial segments, which were not

subject to diseased vessels, versus those which were subject to ischaemia.

We performed a retrospective analysis of a cohort of patients who had confirmed functionally

obstructive coronary artery disease by catheter angiography.

Our fourth chapter investigates this relationship with wide field of view CT scanning of the

coronary arteries and assessment of the myocardium.

In summary, we intended to investigate the impact of wide field of view CT on myocardial
density in order to establish baseline parameter for further work to be performed in
myocardial perfusion. Our data confirmed that myocardial density differences between
ischaemic and non ischaemic segments was not statistically significant thereby allowing

further perfusion work to be performed.
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Abstract Cardiac CT myocardial perfusion is an
emerging tool utilizing differences in myocardial density of
ischemic compared to normal myocardium. We sought to
document the contrast enhanced density profile of myo-
cardial segments subtended by severely stenotic coronary
arteries on rest (non stress) cardiac CT imaging, and
compare the density with identical segments without
ischemic disease. 100 cardiac CT studies were identified
resulting in 25 normal patients, 37 with severe left anterior
descending artery stenosis, 14 with severe left circumflex
artery stenosis, and 24 with severe right coronary artery
stenosis. The studies were reviewed on a workstation with
dedicated myocardial analysis software. Left anterior
descending artery ischemic segments (apical anterior and
apical septal) measured 82.2 (£3) and 102 (£3) Hounsfield
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unit (HU) respectively comparing with non-ischemic
segments 89 (+4) and 109 (£4) HU respectively (both
P values 0.16). Left circumflex artery segments (basal
anterolateral and mid anterolateral) demonstrated 80 (£4)
and 76 (+4) HU respectively compared to non-ischemic
segments, 89 (£4) and 87 (£4) HU (P value 0.13 and 0.07
respectively). Right coronary artery ischemic segments
(basal inferoseptal and basal inferior) measured 104 (£3)
and 105 (£3) HU respectively and these compared with
non-ischemic segments, 102 (+4) and 105 (+4) HU
respectively (P Value 0.69 and 0.94 respectively). Com-
parison of ischemic myocardial segments with non-ische-
mic segments demonstrated no significant difference in
myocardial density. In prospectively acquired resting 320
multi detector CT, the myocardium subtended by severely
stenotic vessels demonstrates no significant density dif-
ference compared with those supplied by vessels with no
stenosis, confirming that myocardial ischaemia cannot be
reliably detected on rest coronary computed tomography
angiography by qualitative nor quantitative assessment.

Keywords Cardiac computed tomography angiography
(CCTA) - Perfusion - Myocardial density

Abbreviations

CCTA  Coronary computed tomography angiography
CAD Coronary artery disease
MINIPs  Minimum intensity projections
MPRs  Multiplanar reconstructions
HU Hounsfield unit

PCI Percutaneous intervention
LAD Left anterior descending artery
LCX Left circumflex artery

RCA Right coronary artery

MDCT  Multi detector CT
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Introduction

Coronary computed tomography angiography (CCTA) is
now considered a useful diagnostic tool in the setting of
stable and acute chest pain syndromes to exclude the
presence of coronary artery disease (CAD) [1].

Numerous studies have demonstrated that CCTA has a
high negative predictive value in the exclusion of coronary
artery disease [2—4]. The clinical significance of moderate
severity CAD is usually further assessed with either func-
tional imaging, or coronary catheter angiography with
fractional flow reserve assessment [5]. CCTA is widely
recognized as suffering from limitations in predicting
reversible ischemia [6, 7].

The management of reversible ischemia involves con-
sideration toward revascularization [8, 9], whereas non-
reversible ischemia is usually considered for medical
therapy [10]. As such, optimal clinical management would
entail the combination of both anatomical assessment and
functional imaging.

CT detection of functionally significant obstructive
coronary artery disease is currently being assessed with the
assistance of a pharmacological stress agent such as
adenosine, termed myocardial perfusion [11, 12]. CCTA
perfusion aims to highlight areas of reduced contrast
enhancement in the stress phase, when compared to the rest
phase [13].

It has been shown that CCTA may have a role in
comprehensive myocardial assessment for infarct detection
[14, 15]. In a recent study by Nagao et al. [16], it was found
that myocardial hypo enhancement, as determined by
myocardial density assessment, can be detected in up to
91 % of patients with acute coronary syndrome, and 96 %
of patients with acute myocardial infarct. There has been
further suggestion of transient endocardial hypo-enhance-
ment at systole and normal enhancement at diastole as the
ischemic pattern on CCTA when defined by rest/stress
perfusion scintigraphy [17].

A comparison of reconstruction and viewing parameters
on image quality and accuracy of rest and stress myocardial
CT perfusion when interpreted by independent readers
demonstrated narrow window width and window level
settings as optimal for subjective interpretation of perfu-
sion defects [18].

Perfusion CCTA images are assessed with several tech-
niques including minimum intensity projections (MINIPs),
thin multiplanar reconstructions (MPRs), and thick MPRs,
aiming to detect a difference in HU. Previous studies have
demonstrated consistent variation in HU measurements over
the lateral aspect of the myocardium in normal patients
without CAD [19-21].

Whilst CCTA is able to identify the severity of a ste-
nosis, and while CT stress perfusion is showing promise as

@ Springer

an investigative tool, the determination of whether CCTA
is able to detect statistically significant myocardial HU
differences in prospectively acquired end diastole non-
stress CCTA is unknown.

The purpose of this study is to assess the sensitivity of
320-detector CT in detecting changes in myocardial den-
sity in the prospectively acquired mid diastole rest CCTA
by comparing patients with severe coronary artery stenoses
and patients with no CAD.

Methods

The study was performed as a retrospective audit and was
approved by the institutional review board affiliated with
our hospital.

The patients were identified from our database of
patients having had CCTA over the preceding 24 months
(2008-2010) for the assessment of CAD in patients with
chest pain at low to intermediate risk of an acute coronary
syndrome. All patients were scanned in the resting state
with prospective imaging targeting end diastole.

Those patients who subsequently underwent coronary
catheter angiography and percutaneous intervention (PCI)
of a proximally stenotic dominant artery [Left anterior
descending (LAD), Left circumflex artery (LCX), Right
coronary artery (RCA)] within 1 week of the CCTA were
included for analysis. Of these patients, coronary catheter
angiography images were reviewed with quantitative cor-
onary angiography (QCA) analysis (assessed by 2 dimen-
sional analysis of the catheter angiography images (cross
sectional area of the stenosis was not assessed). All studies
with significant (>75 %) stenosis were included. In addi-
tion, patients with entirely normal CCTA were also ran-
domly selected for comparison.

Subjects

Exclusion criteria consisted of patients having a critical
stenosis of a non dominant vessel, critical stenosis of the
distal segment of a dominant vessel, or of a branch of the
main vessel, patients with more than one stenosis, poor
quality studies due to motion artifact, or insufficient con-
trast enhancement. In addition, any patient with known or
documented myocardial wall hypertrophy, previous or
acute infarct, and collateral circulation (one of the two non
stenotic vessels shown to extend to the myocardial seg-
ments of interest, in accordance with previously recognized
and accepted variation of coronary arterial supply) were
excluded. 356 consecutive patients were initially identified.
Of these, the following were excluded: Non dominant
critical stenosis (22), distal segment dominant vessel ste-
nosis (31), stenosis of a branch of a main vessel (77), more
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than one critical stenosis (42), motion artefact (26), insuf-
ficient contrast enhancement (21), myocardial wall hyper-
trophy (30), previous or acute infarct (2), significant
collateral circulation (5). After applying our exclusion
criteria, 100 patients were identified of which 25 had no
coronary artery disease. Of the remaining 75 there were 37
patients with severe LAD stenosis, 14 with severe LCX
stenosis, and 24 with severe RCA stenosis.

Patient preparation

Routine CCTA departmental protocol includes patient
fasting for at least 2 h before scan acquisition and
abstaining from caffeine on the day of scanning. Each
patient’s heart rate and blood pressure were recorded 1 h
before imaging. An 18-guage IV cannula was inserted into
the right antecubital fossa.

All patients with heart rates greater than 60 beats/min
were administered beta-blocker medication unless contra-
indicated (e.g., anaphylaxis or severe asthma). With normal
blood pressure confirmed, oral Metoprolol was adminis-
tered with 50 mg given if heart rate was between 60 and
70 beats/min and 100 mg given if heart rate was greater
than 70 beats/min. If the heart rate at the time of the scan
remained above 65 beats/min immediately before scan-
ning, IV Metoprolol was administered (up to 30 mg) until
the desired heart rate of less than 65 and optimally
60 beats/min was achieved. 400 mcg of sublingual glyceryl
trinitrate was given 2 min before imaging for coronary
artery dilation.

75mls of Iohexal 56.6 g/75 ml (Omnipaque 350) was
administered for each patient at a rate of 6 ml/s, followed
by 50 ml of normal saline flush (biphasic contrast injection
protocol). Bolus tracking with a region of interest placed in
the left ventricle was performed using a 300 HU threshold.

Scan technique

Images were acquired using a 320 x 0.5 mm detector row
CT (Aquillion One, Toshiba Medical Systems). The field of
view (z-axis) included the mid-ascending aorta (inferior
carina) to the upper abdomen (immediately below the heart
base). No table movement occurred during axial volumetric
scanning because the scanner provides 16 cm of z-axis
volume using 0.5-mm detectors. The number of detectors
selected was based on cardiac size as displayed on the
anteroposterior and lateral surface images (detectors can be
reduced to either 280 or 240 for radiation reduction). All
relevant cardiac anatomy was successfully displayed on the
field of view. No patient required more z-axis coverage
than the detector bank could cover in a single acquisition.

Prospective scanning technique was utilized with phase
window acquired between 65 and 80 % and reconstructions

optimized at 75 %. Tube voltages used were optimised at
120 kVp, with variation to 100 kVp depending on the
patient’s BMI. The tube current ranged between 400 and
580 mAs. The default medium scan field of view (350 mm
with adjustment according to patient/anatomy size to
include heart) was selected. The large field of view option
will result in an increased pixel size and therefore decrease
spatial resolution; the small field of view (250 mm) is
considered too small for complete coverage of cardiac
anatomy and in addition greatly limit the ability to assess
adjacent extra cardiac structures, which is a requirement in
accordance with departmental policy. The gantry rotation
time (tube rotation speed) was 350 ms, with a minimum
temporal resolution of 175 ms. Single gantry rotation
(single heart beat) occurred if images were obtained with a
heart rate of 65 beats/min or less. With the commencement
of a dedicated cardiac ct service, our protocol involved
exclusively retrospective acquisition. However, we updated
our protocols during the relevant study period, resulting in
a preference for widening the prospective acquisition
window when the heart rate is borderline. In view of the
above, there were no patients with two full beat volume
acquisitions in the relevant study dates. With regard to
current departmental policy, when the patient’s heart
rate is in sinus rhythm and borderline at or just below
65 beats/min, our departmental protocol indicates prefer-
ence for widening of the prospective acquisition window to
65-85 %, rather than two beat acquisition. Images were
obtained in moderate inspiration with breath holding.
Breath-holding and heart rate tests were performed before
image-acquisition. The final heart rate was recorded at the
time of acquisition.

The scan data was reconstructed at the 75 % R-R phase
using 0.5 mm slices overlapping every 0.25 mm using a
specialized cardiac algorithm (FC03) to reduce beam-
hardening artifacts from the contrast-enhanced descending
aorta and the LV manifesting in the LV myocardium
[13, 20, 21, 23].

Image data manipulation

If the initial data set demonstrated coronary motion artifact,
additional phases were reconstructed.

The left ventricle was divided into sixteen segments
according to the American Heart Association classification
[24]. The Philips Intellispace Portal (Philips Healthcare,
Cleveland, USA) Myocardial Defect Assessment software
segments the coronary arteries, four chambers and the
myocardium. A physiologically oriented algorithm is
applied to the segmented myocardium for both visual
(qualitative) and quantification of hypo-dense regions. The
calculated results are presented as average density of the
myocardium in each segment in normalized Hounsfield
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units (HU) [24, 25]. This process of quantitative analysis of
HU is automated. Although further quantitative analysis is
provided, transmural perfusion ratio (subendocardial
attenuation density/subepicardial attenuation density) was
not assessed [13].

Analysis

Coronary arterial supply variation to the various myocar-
dial segments is well recognized. For our purposes, we
elected to identify relevant myocardial segments, which
would be subjected to reduced myocardial blood flow due
to severe proximal stenosis in the subtending dominant
coronary artery.

Wall thickness was not assessed as known or docu-
mented wall thickening and thinning (due to previous
infarction) were part of the exclusion criteria.

Statistical analysis

All data were analyzed using SAS software version 9.2
(SAS Institute, Cary, NC, USA). The primary outcome
variable myocardial density was assessed for normality and
found to be well approximated by a normal distribution.
Analysis was performed using repeated measures analysis
of variance, as the observations were not independent.

In order to increase the ability to detect a significant dif-
ference in density, we grouped the two major segments
supplied by the stenotic vessel. The following segments were
therefore assessed as one larger myocardial region [24]:

Left anterior descending artery (LAD)-apical septal,
apical anterior,

Left circumflex artery (LCX)-basal anterolateral, mid
anterolateral and

Right coronary artery (RCA)-basal inferoseptal, basal
inferior. The above segments were grouped due to the
recognized supply by the relevant dominant vessel, in
the absence of collateral circulation.

We compared the ischemic segments of each group with
the corresponding segments in the normal group with results
reported as parameter estimates & standard errors. Fur-
thermore, in order to detect differences between the non-
ischemic and ischemic segments, the grouped segments were
combined and then compared with the equivalent grouped
segments in the non CAD (normal) group. Statistical sig-
nificance was set at a two-sided P value of 0.05.

Results

Age and sex distribution are demonstrated in Table 1 and
corresponding radiation dose exposure analysis is outlined
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in Table 2. Note is made of the average radiation dose
which is considered greater than current standards; how-
ever this is considered appropriate for scanning protocols
(since updated) which resulted in predominant retrospec-
tive acquisitions for the time period of interest. Table 3
demonstrates the mean percentage stenosis in the three
subgroups of symptomatic patients.

Average densities for the relevant ischemic and non-
ischemic segments are highlighted in Table 4. Table 5
demonstrates the average density obtained when grouping
the two relevant segments (average HU) being supplied by
the dominant stenotic vessel, and comparing with the
combined average density of the equivalent two segments
from the normal group.

The HU of the relevant ischemic segments within all
three ischemic groups demonstrated no statistically sig-
nificant difference from the normal group. When compar-
ing the two segments of each stenotic group both
individually and combined with the same segments in the
normal patients, there was no statistically detectable dif-
ference in the density profile.

Discussion

Our study was intended as a preliminary investigation into
the possibility that a statistically significant difference in
ischemic myocardial density could be documented. Our
results indicate that no such difference has been found. We
postulate that functionally significant obstructive arterial
disease does not produce consistent and detectable reduc-
tion in density within the limitation of current parameters
of acquisition in routine CCTA scanning.

Despite the fact that changes in myocardial density
could not be detected, there is evidence that changes in
coronary enhancement do correlate with disease, especially
with regard to contrast differences and contrast gradients
[26, 27]. Moreover there is evidence that contrast differ-
ences, even those with 64-detector row CT that are then
normalized to aortic enhancement, are related to flow [28].

Although our finding is contrary to the previous findings
of Nagao et al. [29] our acquisitions were performed with

Table 1 Gender and age distribution

Group Total number (M:F) Age, median (IQR)
Normal 25 (12:13) 70 (59-79)
LAD ischaemia 37 (21:16) 68 (54-76)
LCX ischaemia 14 (7:7) 63 (59-76)
RCA ischaemia 24 (19:5) 72 (56-77)

IQR inter-quartile range
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Table 2 Radiation dose exposure

Average DLP Min DLP Max DLP Mean Minimum Maximum Retrospective Prospective

effective effective effective
dose dose dose

LAD 945.97 3255 1899.83 13.24 4.56 26.6 23 12

LCx 1064.17 291.41 1899.83 14.9 4.08 26.6 8 5

RCA 822.13 291.41 1709.93 1151 4.08 23.94 11 9

Normals 1231.83 408.7 1876.8 17.25 5.72 26.28 12 2

Overall 983.31 325.99 1849.58 13.77 4.56 25.90

Table 3 Mean percentage stenosis in the three subgroups of stenosis

Mean percentage stenosis

LAD LCX RCA

75 78 76

Table 4 Myocardial density (HU) in comparable ischemic and non

ischemic segments
LAD territory myocardial density (HU)
Apical anterior Apical septal
Normal group 89.5 £ 4.1 109.9 + 4.1
LAD ischemia 822431 102.6 £ 3.1
P value 0.16 0.16

LCX territory myocardial density (HU)

Basal anterolateral Mid anterolateral

Normal group 89.5 £4.1 872 £ 4.1
LCX Ischemia 80.8 + 4.0 769 + 4.0
P value 0.13 0.07

RCA territory myocardial density (HU)

Basal inferoseptal ~ Basal inferior (segment 4)

Normal group 102.2 + 4.1 105.5 + 4.1
RCA ischemia 1043 £ 3.4 1059 + 3.4
P value 0.69 0.94

Values are parameter estimates % standard errors

prospective scanning targeting end diastole, without
assessment of systolic and diastolic density differences.

The possibility of a more critical stenosis (>90 %)
consistently producing reduced myocardial density has
been previously introduced. Our stenosis were on average
at between 75 and 80 % and due to small numbers within
each of the ischaemic groups, we have been unable to
investigate this issue.

As our results demonstrate no statistically detectable
difference in myocardial density between normal and
segments supplied by severely stenotic vessels, we propose

Table 5 Combining relevant ischemic segments and comparing with
corresponding segments of normal patients

HU density average SE P value

LAD relevant segments: grouped apical anterior & apical septal
Normal 99.7 39 0.14
LAD 924 29

LCX relevant segments: grouped basal anterolateral & mid
anterolateral

Normal 88.4 39 0.15

LCX 81.3 29

RCA relevant segments: grouped basal inferoseptal & basal inferior
Normal 103.8 3.9 0.78

RCA 105.2 29

SE standard error

that studies evaluating the myocardial density, either at rest
or with stress, should consider this assessment be per-
formed quantitatively, rather than qualitatively.

We note that there is a difference in kVp utilized
throughout the studies due to differences in patient body
habitus. Although the variation of kVp is recognized as
having influence on HU, for the purpose of detection of
significant difference in density of contrast enhanced
myocardium, this is thought to be not statistically signifi-
cant [22].0ur results also demonstrate the previously rec-
ognized consistent appearance of reduction in HU density
over the basal and mid lateral and inferolateral LV myo-
cardium in all four groups [21].

Basal and mid inferolateral myocardial density reduc-
tion is currently of unknown cause [21] and thought due to
a combination of causes including increased density of
structures adjacent to the inferior and septal myocardium
(diaphragm and right heart) contributing to an increase in
HU density owing to beam hardening artifacts. This is
contrasted with the inferolateral and lateral myocardium,
which is typically located adjacent to aerated lung, and
therefore less subject to beam hardening artifact.

Although there is no visually detectable reduction in HU
density in clinically affected ischemic myocardial seg-
ments, when utilizing automated assessment of HU density,
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and statistically analyzing the results, no statistically sig-
nificant difference in density could be documented.

Our study utilized automated density assessment, which
produced an average HU density for each segment. As has
been documented in stress cardiac MRI [30], the possibility
of reduction in density of the subepicardium component of
the ischemic myocardial segments is raised and consider-
ation toward specific assessment of subepicardial density
may be of use [13]. The limitations of a quantitative system
are also recognized, with the possibility of small perfusion
defects averaging out and perfusion defects straddling
different segments also diluting the effect on the calculated
segment density.

A limitation of our study is the absence of significant
numbers of patients with critical (>90 %) stenosis. Almost
all of our patients had stensoses between 75 and 80 %. The
number of critical stenosis patients was thought too small
to be assessable. This may be a consideration for further
investigation.

As CCTA is acquired with routine intravenous contrast
media, Iohexal (56.6 g/75 ml), the possibility of small
changes in myocardial density becoming detectable with
increased density of the contrast media is raised.

Stress myocardial perfusion has been increasingly uti-
lized for the detection of myocardial density differences.
Our work would suggest that the severe 75 % stenosis is, in
itself, unable to produce significant flow reduction however
note is also made of recent work indicating that coronary
gradients assessment may be of use in this area.

Dual energy scanning may offer further potential in
eliciting relatively minor or subtle myocardial density dif-
ferences due to the possibility of iodine mapping with or
without stress imaging [31-33]. The CCTA study using a
320-row detector system is typically a prospectively
acquired study, at a single point in time during the R-R cycle,
where the examination is performed in a single phase of
contrast perfusion within a component of a single heart beat.
It is possible that variations in myocardial enhancement and
density would be visible and detectable in different phases of
the cardiac cycle and also at different points in time in con-
trast perfusion through the myocardium. As our study was
retrospective, we were not able to investigate differences in
density due to either perfusion timing or phase timing. We do
not routinely acquire CCTA with extended scanning times to
assess perfusion variability. This may be a consideration for
further exploration with the advent of significant reduction in
radiation dose exposure. In addition, we considered normal
CCTA as normal; we do recognize the accepted gold stan-
dard of catheter-based angiography however we believe that
due to the accepted high negative specificity of CCTA, this
was a reasonable perspective.

Beta-blockade medication for the purpose of heart rate
control by definition, contributes to alteration in heart rate
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and contractility. The effect on myocardial density may
also be a limitation, however the use of metoprolol is well
recognized as being utilized in heart rate control for CT
myocardial perfusion imaging.

A further limitation of our study is inclusion of all
patients who might possibly be prone to small vessel
accelerated atheromatous disease, such as diabetics,
hypertensives or connective tissue disorders. Further anal-
ysis of this sub group of patients may well be of use in
evaluation of myocardial density differences.

Conclusion

When comparing the density of myocardium supplied by a
dominant vessel with at least 75 % stenosis (confirmed at
QCA) and without significant collateral circulation, with
identical segments of normal patients, we confirm that we
were unable to detect statistically significant differences
between the two groups of patients. As such, this study
may be considered as a baseline demonstrating that resting
density difference between ischemic and non-ischemic
myocardium at end diastole is not detectable. Further
analysis in the setting of stress myocardial perfusion, with
or without dual energy scanning may be of use.
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neither conflict of interest nor financial disclosure for this manuscript.
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CHAPTER 5:

THE NEW 4-DIMENSIONAL COMPUTED TOMOGRAPHIC SCANNER ALLOWS
DYNAMIC VISUALISATION AND MEASUREMENT OF NORMAL
ACROMIOCLAVICULAR JOINT MOTION IN AN UNLOADED AND LOADED

CONDITION
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A further extension of the utility of wide field of view CT, beyond tissue perfusion, was the
concept of motion. Although 4D CT has been been used in radiation therapy planning since
the advent of 4 cm z axis 64 slice multidetector CT units, the significantly wider latest

generation CT units have not been fully explored.

Our next consideration was to determine whether 4D CT, with a 16 cm z axis, could of be of
use in the musculoskeletal imaging field and in particular in the setting of joint imaging.
Although MRI has traditionally offered excellent spatial and contrast resolution for the
assessment of internal derangement[50, 51], it has been limited in motion assessment. Motion
disorders of joints have been largely previously assessed non operatively through clinical

examination, ultrasound or fluoroscopic imaging[52].

We considered the acromioclavicular[53] joint (AC) to be of interest due to the recognized

difficulty in managing mid range severity separations[54-56].

As the AC joint has not been previously assessed with 4D CT, we considered establishing a
baseline of measurements detailing the amount and type of motion of the AC joint in
asymptomatic volunteers. We also aimed to determine whether any age related changes in

this joint were detectable. We present our fifth publication.
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ORIGINAL ARTICLE

The New 4-Dimensional Computed Tomographic
Scanner Allows Dynamic Visualization and Measurement
of Normal Acromioclavicular Joint Motion in an
Unloaded and Loaded Condition
Tjarco D. Alta, MD,*} Simon N. Bell, PhD, FRCS, FRACS, FAOrthA,*¥

John M. Troupis, MBBS, FRANZCR,§ Jennifer A. Coghlan, PhD,*}#
and David Miller, MBchB, MRCS, FRCS(Orth)*

Objective: Using 4-dimensional computed tomographic scanner to de-
termine the motion pattern of the acromioclavicular (AC) joint during
adduction of the arm, with and without resisted superior elevation.
Methods: Sixteen healthy volunteers (5 women and 11 men; mean +
SD age, 42 + 11 years). Four different motions were measured: AC joint
width, anteroposterior translation, superoinferior translation, and open-
ing of the superior aspect of the joint. Measurements between arm posi-
tions of neutral, adduction, and loaded were compared.

Results: Predominant movement is posterior translation (1.1 0.9 mm,
P =0.001); in the coronal plane, superior translation of the clavicle
(0.6 £ 0.5 mm, P=10.001) and some opening of the superior joint space.
Changes in the AC joint width and anteroposterior translation were sig-
nificantly related to age (P = 0.016 and P = 0.006).

Conclusions: Four-dimensional computed tomographic scans record
the motion pattern of an asymptomatic AC joint and demonstrated that
in adduction plus resisted elevation of the arm, the main movement of
the AC joint is posterior and superior translation of the clavicle.

Key Words: AC joint motion, motion analysis, BVR test,
acromioclavicular joint, 4D CT scan

(J Comput Assist Tomogr 2012;36: 749-754)

I nman et al' discussed the combined contribution of the clavi-
cle, scapula, and humerus to overall shoulder movement in
1944. In this complex system, the integrated motion of the acro-
mioclavicular (AC), sternoclavicular (SC), glenohumeral, and
scapulothoracic joints are required.?

Several authors have investigated the motion of the clavicle
using a 3-dimensional (3D) electromagnetic tracking system.>~®
However, this method has some disadvantages, such as skin mo-
tion artifacts of the sensors.>* Ludewig et al'® used a similar
tracking system combined with transcortical pins into the
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clavicle, scapula, and humerus, allowing the sensors to be rig-
idly fixed. Describing the motion of the AC joint in a nonin-
vasive way, Sahara et al>!! used a vertically open magnetic
resonance imaging (MRI) and scanned the arm in 7 static ab-
ducted positions in the coronal plane. With the recent arrival
of the 4D computed tomographic (CT) scanner, it is now possi-
ble to scan a 16-cm volume in 0.175 second, resulting in cine
motion with 6 frames per second. We postulated that it should
be possible to scan shoulder joint motion within this volume,
thus recording the movement in real time of the AC joint.

The previously described new test for AC joint pathology,
the Bell-van Riet (BvR),'? distinguishes itself from other AC
joint pathology tests by adding load to the joint when the arm
is adducted. This test has proven its sensitivity, and a positive
sign is pain combined with the inability of the patient to main-
tain the arm in the adducted position against resisted elevation.
Movement in pathological joints would cause pain by compres-
sion of inflamed tissues. It is known that in the BVR test, the
motion produced in the AC joint causes pain, which is why
the test is positive in pathological AC joints. However, it is un-
clear what kind of motion takes place in the AC joint when
the test is performed.

To try and understand the movements of the AC joint
during the BVR test, this study was devised. It determines the
pattern of normal motion in the AC joint with the arm in adduc-
tion, in an unloaded and a loaded condition, using the 4D CT
scanner.

MATERIALS AND METHODS

Sixteen healthy volunteers, 5 women and 11 men, without
a history of shoulder complaints, a normal shoulder examination
with no pain on AC joint palpation, and negative O’Brien and
BVR test results, participated in this study. The mean + SD age
of the volunteers was 42 * 11 years (range, 23-60 years). The
institutional ethics committee approved the research protocol,
and all participants gave their written informed consent before
the scan procedure.

The Aquilion One (Toshiba Medical Systems, Otawara-shi,
Tochigi-ken, Japan) 4D CT scanner was used. This machine has
320 detectors with 0.5 mm between each detector. During axial
volumetric scanning, no table movement occurs because the
detectors cover a 16-cm volume from superior to inferior in
one rotation with a duration of 0.35 seconds. As only half of
the gantry rotation cycle is required (180 degrees) for imaging,
temporal resolution is therefore 175 milliseconds. Repeating
this process makes it possible to scan real-time motion within
this 16-cm volume. The amount of radiation to which the volun-
teer is exposed is calculated by using the recorded dose length
product and multiplying this with the organ-specific conversion
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FIGURE 1. Supine position of the volunteer in the 4D CT scan, with the shoulder within the gantry. A, Neutral starting position with the arm
elevated to approximately 90 degrees in the sagittal plane. Demonstrating the limitation of the arm movement by the gantry. B, The
adducted position of the arm and the loading position with resistance of the gantry, simulating the BvR test.

factor. In the case of the AC joint, the cervical spine conversion
factor is used. This product is then termed the effective dose in
millisievert (mSv). This corresponds with an effective radiation
exposure of 2.5 to 3.5 mSv per scan. The volunteers were posi-
tioned supine on a couch in the scanner so that their shoulder
joint was within the 16-cm volume of the scan. The neutral start-
ing position was with the arm elevated to 90 degrees in the sag-
ittal plane with their hand against the gantry (Fig. 1A), resulting
in an unrestricted positioning of the scapula, without fixation or
compression against the thorax, or the x-ray couch. During the
7-second duration of the scan, the volunteers adducted their
arm at shoulder level and then loaded the AC joint by pressing
their arm against the gantry for 4 seconds, simulating the BvR
test (Fig. 1B).

The motion of the AC joint was calculated by measuring
the position of the distal end of the clavicle in relation to the
acromion at 3 shoulder positions (neutral, adduction, and loaded).
The difference between those positions expressed in millimeters
(mm) represents the motion. For those 3 positions, the AC joint
width in the transverse plane was measured as well as the antero-
posterior (AP) translation in the transverse plane, the superoinfer-
ior translation, and the opening of the superior aspect of the AC
joint in the coronal plane. The width of the AC joint was measured
in the middle of the AC joint at the articular surface (Fig. 2). The
AP translation was measured also at the level of the articular
surface of the joint by drawing a line anterior to the acromion
perpendicular to the joint line and a second line anterior to the
clavicle parallel to this (Fig. 3). The distance between those 2
parallel lines represents the amount of AP translation, with the
anterior side of the perpendicular line having a positive value
and the posterior side a negative value. To be able to measure

Neutral

the superoinferior motion of the distal end of the clavicle, a hor-
izontal line is drawn under the acromion. The distance from the
inferior angle of the distal clavicle to this line was measured,
with the inferior side of this line having a negative value and
the superior side having a positive value. To determine the open-
ing of the superior aspect of the AC joint, a vertical line in the
coronal plane was drawn along the articular side of the acro-
mion. The horizontal distance from this line to the superior an-
gle of the distal clavicle was measured.

With regard to maintaining accurate and reproducible mea-
surements from the 2D images, which were reconstructed from
the 4D motion study, each of the aforementioned measurements
was assessed at the mid level of the respective perpendicular
plane. That is, for the purpose of measuring the AC joint space
in the transverse dimension, the middle point of the joint was
identified in the coronal plane (ie, exactly halfway from anterior
to posterior) by cross-referencing both the coronal with the axial
plane. For the purpose of measuring AC joint AP translation in
the axial plane, the middle portion of the joint space in the cor-
onal plane was identified and the AP measurement was taken at
this point. With this technique, reproducibility could be con-
firmed as all joints were measured at exactly the mid point of
the joint, regardless of the 3D motion, which was being
assessed. Furthermore, using the aforementioned technique ne-
gated the effect of any potential clavicular rotation as the mid
point of the joint was always identified.

Statistical analysis was performed by a one-sample ¢ test to
determine if the motion produced in the adducted position with
and without load significantly affected the AC joint width, ante-
roposterior translation, superoinferior translation, and opening
of the superior aspect of the AC joint. Furthermore, we used

Adduction Loaded

FIGURE 2. Width of the AC joint in the transverse plane for the neutral, adduction, and loaded positions. The width was measured in the

middle of the AC joint at the articular surface.
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FIGURE 3. Anteroposterior translation of the clavicle compared to the acromion for the neutral, adduction, and loaded positions. The
translation was measured at the level of the articular surface of the joint by drawing a line anterior to the acromion perpendicular to the joint
line and a second line anterior to the clavicle parallel to this. The distance between those 2 parallel lines represents the amount of
anteroposterior translation, with the anterior side of the perpendicular line having a positive value and the posterior side a negative value.

general linear models to assess the effects of sex and age on the
amount of motion taking place for the neutral-to-adduction,
neutral-to-loaded, and adduction-to-loaded positions. Signifi-
cance level was set at P = 0.05.

RESULTS

The 4 data sets (AC joint width, anteroposterior translation,
superoinferior translation, and opening of the superior aspect)
between the neutral, adduction, and loaded positions are pre-
sented in Table 1 (in very few images due to technical reasons;
it was difficult to perform accurate measurements, resulting in
lower n values). In the transverse plane, during the movement
from neutral to adduction and then when the AC joint was load-
ed, the width of the AC joint remained nearly constant. The
greatest motion in the AC joint for these movements was antero-
posterior translation, with the clavicle moving posterior in

relation to the acromion. In the coronal plane, the motion actu-
ally consists of 2 movements (Fig. 4), with superior translation
of the clavicle being the main part of the AC joint motion, com-
bined with some opening of the superior aspect of the joint.
Loading of the AC joint in the adducted position, simulat-
ing the BVR test, resulted in a significant increase in posterior
and superior translation of the clavicle (P = 0.001; Table 1).
There was also an increased opening of the superior aspect of
the joint, but this was not significant (P = 0.269). Figure 5
shows the association between the AP translation in the trans-
verse plane and age, demonstrating that the amount of motion
decreases to zero as age increases (neutral to adduction, Py, =
0.05; and neutral to loaded, Pyg. = 0.006). Significant associa-
tion was also found between the AC joint width for the adduc-
tion to loaded positions and age, P, = 0.016. Figure 6
indicates that during the BvR test, not only the amount but also
the direction of movement is influenced by age. All the other

TABLE 1. Four Different Data Sets (AC Joint Width, AP Translation, Superoinferior Translation, and Opening of the Superior
Aspect) Taking Place in the AC Joint Between the Neutral, Adduction, and Loaded Positions

Neutral to Neutral to Loaded Adduction to Loaded

Adduction (in Adduction) CI and P of Change
AC Joint Motion (mm) (mm) (mm) in Clavicle Position
AC Joint width (transverse 0.0£0.6 (—091to01.9) 0.0£08(-12t01.9) —0.1£0.3(-0.8t00.4) *

plane) to mean + SD (range)
Anteroposterior translation
(transverse plane) to
mean + SD (range)
Superoinferior translation
(coronal plane) to
mean + SD (range)
Opening superior aspect
AC joint (coronal plane) to
mean + SD (range)

n=16 P,y = 0.885
~1.6+23(~53103.3)
1= 16 Py = 0.050

19+ 15 (1.0-2.8)
n=14 P, =0378

0.4+0.8(=0.1t00.9)
n= 14 Py, = 0.403

n =14 P,y =0.540
~3.1426(-7.6,05)
n = 14 P,y = 0.006

25+1.9(1.3-3.7)
n =12 Py = 0.536

0.6+ 0.8 0.1-1.1)
n=12 Py =0.897

n=14 Py =0.016
~11%09(-231t0 —0.6) (~16to —0.5)
n=14 P, =0138 P=0.001

0.6+ 0.5 (0.0-1.5)
n =13 Py = 0.401

(0.3-0.9) P = 0.001

0.2+0.6 (~1.0 10 0.9)
n =13 Py = 0.334

(—02100.5)
P=0269

A positive value represents widening anterior or superior translation, and a negative value represents narrowing posterior or inferior translation.

For each of the 3 comparisons, sample sizes (n), which differed for some of the comparisons and the P value, P, of the test for a trend with age are
provided. For the adduction to loaded differences, 95% confidence intervals and P values for the mean differences are also given.

*Because the change in AC joint width adduction to loaded depends on age, confidence intervals and P values for the mean change are inappro-

priate (see also Fig. 6).
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Neutral

associations with age were not significant. In addition, none of
the associations with sex were found to be significant.

DISCUSSION

The motion of the AC joint has been investigated by sever-
al authors using a 3D electromagnetic tracking system>® com-
bined with either skin sensors or transcortical pins for rigid
fixation of the sensors,!” or using a vertically open MRL>!!
all having their advantages and disadvantages. With the arrival
of the new 4D CT scanner, it is now possible to noninvasively
scan osseous shoulder joint motion in real time. Because our un-
derstanding was incomplete as to what kind of motion takes
place in the AC joint when the BVR test'? is performed, we used
the 4D CT scanner to determine the motion pattern of the AC
joint in a normal shoulder during arm movement and loading
that simulated the BvR test.

Use of the 4D CT scanner has some restrictions. First, the
motion that can be recorded with the 4D CT scan needs to take
place within the gantry of the scanner. This limits the measur-
able elevation of the shoulder to approximately 90 degrees
(Fig. 1A) or a similar motion for scapular plane abduction when
measurements are performed in the lateral decubitus position.
Sahara et al’> have described significant differences in the

4
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FIGURE 5. Scatterplot of the differences between the
neutral-to-adduction and neutral-to-loaded positions for AP
translation in the transverse plane compared to age. A positive
value of the AP translation implies anterior translation, whereas a
negative value implies posterior translation, demonstrating that
in our group, the amount of motion taking place decreases toward
zero as age increases.
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FIGURE 4. Coronal plane for the neutral, adduction, and loaded positions demonstrates that the clavicle is not only moving superiorly
but the superior aspect of the AC joint is also opening up.

Adduction

motion of the AC joint between the mid range (30-90 degrees)
and at the end range (150 degrees maximum) of shoulder abduc-
tion. It was possible, however, in this study to adequately scan
the motion of the AC joint while simulating the BvR test'? as
the resisted elevation component could be simulated by the
volunteers compressing their arm in the adducted position
against the gantry for 4 seconds (Fig. 1B). To our knowledge,
the motion of the AC joint in living subjects during adduction
of the arm, together with loading in resisted elevation, has never
been previously described. Second, in the supine position of the
volunteers, gravity and the weight of the shoulder girdle result in
some posterior force on the shoulder, in contrast to an inferior
force in an upright position. This, however, would be a very
small force compared with the force of the muscular contrac-
tion. During the test, the scapula is elevated from the couch
underneath so there should be only a slight alteration in the
position of the scapula from the variation in the direction of
gravity. Ideally, the scan should have been performed in an up-
right position; however, this is technically not possible.

The movement of the AC joint in living subjects has been
studied by several authors> %1011 and several cadaveric studies
have been conducted as well.>!3"1> Teece et al® compared in
vitro passive motion in cadaver specimens to in vivo active
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FIGURE 6. Scatterplot of the difference between the adduction
and loaded positions for the AC joint width in the transverse plane
versus age. A positive value of the AC joint movement implies
widening, whereas a negative value implies narrowing. The solid
line is the fitted regression line, and the dotted curves are the 95%
confidence limits for the mean difference at different ages. This
demonstrates that in our group, the amount and the direction of
movement is influenced by age.
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motion in live subjects, during scapular plane abduction (mea-
sured with an electromagnetic tracking device). They found an
increased posterior motion in the AC joint in cadavers compared
to the active motion of volunteers (in an upright position). This
indicates that the deltoid muscle, as the main motor for motion
of the glenohumeral joint, and perhaps also the pectoralis minor
muscle, is pulling the AC joint more anteriorly. They also found
that the AC joint showed less superior movement in passive ca-
daver testing, which may be due to lack of upper trapezius mus-
cle activation of the joint. Similar motion patterns were
demonstrated by Fung et al,'® which demonstrate that active
motion in living subjects is necessary to represent a normal
AC joint motion pattern and Sahara et al>'! measured the motion
of the AC joint of living subjects with a vertically open MRI
in 7 static abducted positions in the coronal plane from 0 degree
to maximum abduction with 30-degree intervals, each image re-
quiring 2 minutes 35 second of scanning. This way of measuring
the AC joint motion approaches the dynamic movement of the
arm, but it is still not a fluid motion with continuous muscle
contraction. Therefore, the optimal technique would be 3D in
vivo measurements of shoulder kinematics without skin motion
artifacts of the sensors. This was obtained by Ludewig et al,'”
where active elevation was measured with the use of a 3D elec-
tromagnetic tracking system and transcortical pins into the clav-
icle, scapula, and humerus. None of the studies previously
mentioned measured the motion of the AC joint with the arm
adducted and the use of the 4D CT scanner to study active shoulder
motion allows dynamic real-time measurements with 3D images
and only with a radiation exposure of 2.5 to 3.5 mSv per scan
(background radiation is 2.0-3.0 mSv per year). As the obtained
images are reconstructed as a volume image, by using a work-
station, it is possible to manipulate the images so that they can be
examined either as a 3D volume—rendered view (viewing the sur-
face of the sample being imaged) or as a 2D cross-section in any
plane. Once the desired surface view is selected, it is possible to
view the cross-section file of this region/section to examine
changes with motion and perform the measurements (Figs. 2-4).
The millimeter amount of measured translation of the distal
end of the clavicle in this study in different planes (Table 1) is
of similar range to another study,? which measured the AC joint
motion in millimeters during elevation. The only motion that
could not be measured in this study was the axial rotation of
the clavicle relative to the acromion.

The BvR test!? has clinically proven its sensitivity; how-
ever, it was not clear what kind of motion took place in the
AC joint during the test, which could account for the pain and
weakness in a positive test. The BvR test is a modification of
the cross-body adduction test and active compressive test, as de-
scribed by O’Brien et al.'” During the O’Brien test, the arm is
adducted to only 15 degrees and the acromion is loaded by the
supraspinatus tendon compressing the AC joint from the under
surface of the acromion,'® leading to a positive result of the test.
The BvR test adds loading to the AC joint in full adduction to
produce the positive result. In this study, it was shown that the
loading produces predominately extra posterior translation of
the distal end of the clavicle in the transverse plane (Table 1).
It also provides superior translation and some opening of the su-
perior aspect of the AC joint in the coronal plane. We assume
these movements of the clavicle relative to the acromion pro-
duces tissue and joint surface stress, resulting in a positive re-
sponse to the test when there is pathologic abnormality in the
AC joint.

We also investigated whether there is an association be-
tween AC joint motion and age because in general, joints tend
to have a reduced range of motion in older people as the capsule

© 2012 Lippincott Williams & Wilkins

and ligaments lose their flexibility. The statistically significant
association we found between anteroposterior translation and
age (Fig. 5) demonstrates that AC joint flexibility reduces with
age. This could also explain why excision of the distal clavicle
has, in general, a good clinical outcome in the older patients
but can lead to anteroposterior instability in younger patients.

In trying to place the applicability of this technique in a
broader spectrum of the musculoskeletal system, there are a
number of potential clinical applications for the 4D CT scan
analysis of dynamic joint motion, such as, athletes who devel-
oped pain arising from the AC joint but have normal imaging,
in which a 4D CT scan could demonstrate pathological AC joint
movement. In the knee, dynamic tracking of the patella could be
demonstrated and in the wrist, the precise movements of the car-
pal bones during motion. The Aquilion One, with 320 detectors,
is well suited for this kind of motion analysis, as it has a reason-
ably large z-axis coverage of 16 cm, which will cover most
joints and keep them in the field of view despite the joint mov-
ing to new positions. All other CT scanners have less than 16
cm; however, the next largest z-axis coverage of 8 cm with the
256-slice scanner may potentially be useful in smaller joints.
The 64-slice machines have a z-axis coverage of approximately
4 cm and therefore are of limited usefulness.

In conclusion, the new 4D CT scan is an investigation tool
that can be used to record the motion pattern of the AC joint in a
normal shoulder during active movement. It demonstrated that
in adduction plus resisted elevation, to simulate the BvR test,
the primary movement of the AC joint is posterior and superior
translation of the clavicle relative to the acromion, with some
opening of the superior aspect of the joint, but with little alter-
ation of the width of the joint. This gives good insight in what
happens to the AC joint during the BVR test.
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CHAPTER 6:

DYNAMIC MOTION ANALYSIS OF DART THROWERS MOTION VISUALIZED

THROUGH COMPUTERIZED TOMOGRAPHY AND CALCULATION OF THE

AXIS OF ROTATION
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An extension of the 4D CT and functional joint imaging concept was to determine if this
technical innovation would be of benefit in assessment of a poorly understood joint with
regard to dynamic motion. We considered the wrist joint, and in particular the intercarpal

related motion.

It is recognized that wrist joints with excess laxity have scaphoid rotation mainly along the
sagittal plane of flexion and extension, during hand lateral/radial deviation. In contrast, wrists
with decreased laxity demonstrate scaphoid rotation mostly in the coronal plane with
radioulnar deviation with minimal flexion extension[57]. However, this understanding has
arisen from either cadaveric[58, 59], in vivo surgical, or fluoroscopic imaging with image

intensifier, the latter subject to the absence of the ability to perform cross sectional analysis.

In order to address motion disorders of the wrist, an establishment of normal baseline
measurements is required. We considered the dart throwers motion. This motion has been
considered [60] to be of significance in scapho-lunate ligament disorders and is now

considered the index motion of the wrist.

We present our sixth publication establishing, with cross sectional accuracy, the exact motion

of the wrist when undergoing dart throwers motion.
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Abstract

We used a dynamic three-dimensional (3D) mapping method to model the wrist in dynamic unrestricted dart
throwers motion in three men and four women. With the aid of precision landmark identification, a 3D coordinate
system was applied to the distal radius and the movement of the carpus was described. Subsequently, with
dynamic 3D reconstructions and freedom to position the camera viewpoint anywhere in space, we observed
the motion pathways of all carpal bones in dart throwers motion and calculated its axis of rotation. This
was calculated to lie in 27° of anteversion from the coronal plane and 44° of varus angulation relative to the
transverse plane. This technique is a safe and a feasible carpal imaging method to gain key information for
decision making in future hand surgical and rehabilitative practices.
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Dart throwers motion, carpal kinematics, 4D CT, musculoskeletal imaging, motion mapping, axis of rotation,
midcarpal joint
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Introduction

The wrist is a complex joint. It involves articulation of ~ 2006; Young, 2003). The term dart throwers motion
eight small bones with intricate inter- and intra-  (DTM] was popularized by the work of Palmer et al.
osseous kinematics. They demonstrate multidirec-  (1985), when they described the functional move-
tional movement and synergy that allow for the ments of the wrist. DTM describes a carpal move-
unique motion of the hand. In particular, the dart ment pathway from radial extension to ulnar flexion.
throwers motion has been considered to have given

humans an evolutionary advantage by allowing for .
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Studies have shown that the axis of rotation of this
motion does not adhere to the pure orthogonal flex-
ion/extension, radial/ulnar deviation planes of wrist
movement (Ishikawa et al., 1999; Werner et al., 2004).
Thus, imaging DTM has been a considerable chal-
lenge using two-dimensional (2D) imaging modali-
ties such as plain radiography, cineradiography,
sonic digitization, or fluoroscopy (Arkless, 1966;
Berger et al., 1982; Linscheid et al., 1972; Ruby et al.,
1988; Wolfe et al., 1997). 3D computerized tomogra-
phy (CT) has been used to map the DTM pathway
using multiple static position imaging (Kamal et al.,
2012; Wolfe et al., 1997; 2000). The next step to
advance the knowledgebase of carpal kinematics
demands a dynamic motion mapping method that
can be performed on live subjects while performing
unrestricted natural motion (Moojen et al., 2003;
Wolfe et al., 2000). This was previously deemed
unfeasible due to lack of technology and potential
unsafe radiation exposure posed to participants
(Wolfe et al., 2006).

With advancing technology, this challenge may
finally have a solution. With the advent of 4D CT imag-
ing, i.e., dynamic recording of 3D images over time,
we had the opportunity to capture dynamic motion
sequences of subjects performing unrestricted natu-
ral DTM. This novel technology is an excellent tool for
3D dynamic motion capture. Garcia-Elias et al. (2013)
managed to demonstrate the difference in motion
patterns of the scaphoid and lunate in patients with
and without scapholunate instability.

The calculation of the unique axis of rotation of
DTM has recently been documented using surface
marker techniques by Brigstocke et al. (2012) and
calculated to lie 44° to the sagittal plane of the wrist.
Dynamic-volume rendered 4D CT technology also
provides us with a platform to do a mathematical cal-
culation of the axis of rotation of DTM using carpal
bone topography.

We hypothesized that in vivo dynamic analysis of
DTM may provide new information regarding the mid-
carpal kinematics of DTM and allow us to mathemati-
cally define the DTM axis of rotation.

Methods

We utilized 4D CT to acquire high-resolution dynamic
motion imaging of the wrist in seven adult volunteers
with normal wrists during unrestricted DTM. This
study was conducted under the auspices of the
Diagnostic Imaging Department of Southern Health
(Clayton, Victoria, Australia).

Prior to the wrist scans, volunteers were trained to
perform the desired motion under the guidance of a

hand surgeon and radiologist. Volunteers then per-
formed the DTM motion in the CT scanner over 3-5 s.
Subjects were aided in their posture by being made to
grasp and throw a pen forward as if it were a dart over
3-5s. The accuracy of the scan was reviewed closely by
a musculoskeletal radiologist who confirmed whether
the anatomical start and end positions of the DTM were
met. The start position was defined as the anatomical
congruent articulation of the trapezoid with the waist
of the scaphoid; and the end point was defined as the
engagement of the hook of hamate with the triquetrum.
If the start and end points were not met, the scan was
repeated until the end points were achieved. Complete
scans were achieved within a mean of 2.28 (range 1-3)
attempts. Radiation exposure for three DTM scans was
calculated not to exceed 0.15 mSv.

4D CT sequence acquisition

The nomenclature of 4D CT is derived from its ability
to capture an extra dimension to 3D CT, namely time.
Examinations were performed using a 320-slice
detector CT (Aquilion ONE™, Toshiba™ Medical
Systems, Tokyo, Japan). The scanner is capable of
acquiring 16 cm of z-axis volume data in half a gantry
rotation without table movement. When performed
repeatedly over a length of time, a dynamic volume
study is achieved. For the purpose of this study, wrists
were scanned over 5-6 s while performing DTM in the
CT scanner.

The scanner had inbuilt mechanisms to minimize
radiation exposure to very low levels for these dynamic
scans. The Aquilion ONE™ CT scanner can scan a 16
cm z-axis in one rotation, and so eliminate the need
for helical scanning, which greatly helps to reduce the
radiation dose. In addition, the scanner uses the
adaptive iterative dose reduction (AIDR) algorithm,
which allows for radiation dose minimization by
reducing the noise in both the 3D reconstruction data
and raw data domains. This allows for up to 75% radi-
ation dose reduction for the same standard deviation
for noise (Deak et al., 2012; Kulkarni et al., 2012;
Romagnoli et al.,, 2012; Singh et al., 2012; Yamada
etal., 2012; Yoon et al., 2012)

As per institution protocol, a radiation exposure
analysis was undertaken prior to the informed con-
sent process. For this purpose, an independent medi-
cal physicist was employed as nominated by the
Southern Health Human Research Ethics Committee.
Using detailed knowledge of previous 4D CT scans for
both upper limb impingement, lower limb impinge-
ment, and thoracic interventional studies, the degree
of expected radiation exposure including CT dose
index (CTDI), dose length product (DLP), and
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Figure 1. Set-up of the volunteer performing DTM.

the conversion factor (0.0001) were calculated. The
effective maximum dose of radiation to any one study
volunteer was calculated to be 0.15 mSv. This com-
pares favourably with a normal background radiation
for any individual, which is 2 mSv per year (Charles,
2001). Thus, the risk posed by this study under the
principle of ALARA (as low as reasonably achievable)
was considered very low.

In our study, the full 16 cm z-axis helix was centred
over the wrist and its surrounding structures. The
scan acquisition was initiated manually and the patient
was instructed to perform DTM (Figure 1). Once the
movement was completed, the acquisition was termi-
nated manually. For maximum temporal resolution,
the tube rotation time was set to the minimum 350 ms.
The tube potential was 80 kVp with 80 mA.

The dynamic data were reconstructed into volume
data sets or phases using a 180° interpolator. These
phases were reconstructed time contiguously every 175
ms, resulting in a frame rate of approximately six
phases/s. Each phase was reconstructed using contig-
uous 0.5 mm slices. An iterative reconstruction tech-
nique was used in preference to a traditional filtered
back projection to further improve signal-to-noise ratio.

Multiple high-resolution 3D moving models were
reconstructed over time with the Vitrea Enterprise
Suite™ Version 6.3 (Vital Images, Inc., Minnetonka,
Minnesota, USA). This software allows advanced
manipulation of 3D models with accurate surface
marker placement on topographical landmarks. It
also allows for measurement of the distance and
angles between these markers, which can then be
applied to mathematical models to acquire the
desired kinematic information.

Observation of dynamic motion of
carpal bones

The Vitrea software allowed us to create high-resolution
3D models of the wrist performing DTM. This software

Figure 2. Set-up of the coordinate system on the distal
radius. X is incremental from ulnar-radial direction, Y is
incremental from proximal-distal direction, and Z is incre-
mental from volar-dorsal direction.

allows for click, drag, and zoom to any desired point in
space around the wrist model.

The camera was positioned in space around multi-
dimensional volume-rendered images at ventral/lat-
eral, ventral/medial, dorsal/medial, and dorsal/
lateral positions. The wrist was then studied in
dynamic motion, and displacement of the carpal
bones relative to each other was measured. These
are demonstrated in Figures 4-6. The clinical validity
and applicability of using volume-rendered 4D CT
technology in this manner and the measuring tech-
niques have been proven by the work of Blum et al.
(2009).

Examples of taped videos of the DTM viewed
through three different viewpoints (camera visualiz-
ing the coronal plane, oblique plane between coronal
and sagittal planes, and sagittal plane) can be access
inthe online contentaccompanying this article (Videos
1-3). We were also able to manipulate, zoom in, and
focus on any bone at any time of the sequence and
make observations from any angle as desired.

Calculation of the axis of rotation

We analyzed the volume-rendered sequences by
using a mathematical modelling algorithm, which
utilized the trilateration principle to place a point of
interest onto a coordinate system based on the dis-
tal radius (Manolakis, 1996). This coordinate system
was defined with the origin (x=0, y=0, z=0) centred
on the midpoint between the volar and dorsal cor-
ners of the ulnar side of the radius (Figure 2. The
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z-axis was defined as the line connecting the volar
to the dorsal corner of the ulnar side of the distal
radius. The x-axis was calculated by utilizing the
line perpendicular to the previously defined z-axis
running through the point at the tip of the radial sty-
loid. Then the x-axis was derived by trigonometry by
factoring in the radial height of the wrist. Thus, the
x-axis runs from ulnar to radial direction of the dis-
tal radius. The y-axis was then defined as the
orthogonal axis relative to these defined x and z
axes using trigonometry. The y-axis thus lies in line
with the radial shaft (Figure 2). The Vitrea software
allowed us to perform markerless bone analysis
through identification of topographical landmarks
on carpal bones. Markers were applied manually to
the dorso-ulnar corner of the radius, volar-ulnar
corner of the radius, and tip of the radial styloid. We
measured the distances between points of interest
on a carpal bone [(i.e.,, capitate) to each of these
points. Using the mathematical principle of trilat-
eration, accurate 3D coordinates for these points
were derived (Manolakis, 1996).

In this study, the capitate axis of rotation was cal-
culated. We placed two clearly identifiable topograph-
ical landmarks on the capitate, i.e., proximal and
distal poles (P1 and P2, and their coordinates were
calculated as defined. Vector a was defined as the
vector P1 - P2 at radial extension of the capitate, and
vector b was defined as the vector P1- P2 at full ulnar
flexion. The axis of rotation of the capitate in DTM can
be defined as the cross product of vectors a and b
(Figure 3a-c]. The necessary analytical computer
coding was written using MATLAB™ (MathsWorks,
Natick, Massachusetts, USA] for the above mathe-
matical derivations.

This study was conducted under the auspices and
approval of Human Research and Ethics committee of
Southern Health.

Results

Our data show that DTM involves substantial motion
of the midcarpal joint (between the proximal and dis-
tal carpal rows), besides large radiocarpal joint
motion. The four distal row bones were observed to
move as one intercalated unit with no motion in
between them. We observed that the loose packing
proximal carpal row allowed for toggle movements to
accommodate the distal carpal row in DTM. This can
be seen in the Videos 1-3, which accompany this arti-
cle online. Figure 4a-d demonstrates the wrist from
four different viewpoints at full radial extension, and
Figure 5a-c demonstrates the wrist in full ulnar

flexion. Video 4 demonstrates a 360° spin of the wrist
at full radial extension, and Video 5 demonstrates a
360° spin of the wrist at full ulnar flexion.

The following carpal morphological features and
kinematical behaviour were noted on close observa-
tion of the DTM sequences.

Lunate-capitate hinge

We observed that in DTM the distal carpal row flexed
relative to the proximal carpal row. The pivot point for
this motion was observed to lie between the lunate
and capitate (Figure 6). The lunate-capitate anatomi-
cal interface is a ball socket arrangement and can
accommodate global range of motion. In DTM, the net
force from the flexors was demonstrated to drive the
motion of the capitate on the lunate in a uniform
direction. This axis was calculated and will be demon-
strated later in this article.

Trapezium-trapezoid motion arc

The trapezium and trapezoid bones moved in a motion
arc guided by the congruence of the convexity of the
dorsum of the scaphoid in ulnar-flexion movement
(Videos 1-3). At full radial extension, the trapezium
lies over the dorsal waist of the scaphoid, and the
trapezoid is congruent with the dorsal waist of the
scaphoid (Figure 4d). The trapezium and trapezoid
glide over the distal scaphoid. The scaphoid was also
found to have subtle toggle movements to accommo-
date this motion (Figure 5b).

Hamate-triquetrum motion

The triquetrum-hamate articulation moved with the
distal carpal segment in the axis of rotation defined by
the lunate-capitate hinge. The triquetrum demon-
strated toggle motion in all seven wrists to accommo-
date the subtle hamate topographical irregularities.
Views at the extremity of ulnar flexion demonstrated
engagement of the hook of hamate with the triquetrum
(Figure 5a,c). This abutment of the hook of hamate
with the triquetrum was observed to provide a
mechanical block to further ulnar flexion.

Calculation of DTM axis of rotation

The axis of rotation of the DTM was determined by
calculating the axis of rotation of the capitate relative
to the distal radius, through mathematical derivation
of the cross product of the initial and final positions of
the capitate. The result from this calculation was a
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Figure 3. (a) Definition of vector a. (b) Definition of vector b. (c] Mathematical derivation of the axis of rotation of the capi-
tate. This can be calculating the cross product of vector a and vector b (represented as | a x b |. (The cross product of two
vectors’ point is a vector perpendicular to the two vectors, as per this figure).

unit vector of [0.6730, 0.6468, -0.3446] to represent
the axis of rotation. These figures can be interpreted
as the axis of rotation pointing from the centre of rota-
tion of DTM in the lunate-capitate hinge to a point
0.6730 unit radial, 0.6468 unit distal, and 0.3446 unit
volar. This can also be described in different terms as
the axis of rotation pointing from the centre of rota-
tion in the lunate-capitate hinge to the direction of 27°
(95% ClI 21.1-32.3] of anteversion [angle between axis
of rotation and coronal plane) and 44° (95% CI 32.8-
54.9) of angulation with the transverse plane.

Discussion

The 4D CT imaging modality allowed for dynamic
acquisition of unrestricted DTM. Imaging the carpus
in dynamic sequences as in this study is practical and
safe. This methodology can have significant diagnos-
tic application to clinical practice in investigating
poorly understood pathologies as well as evaluating
outcomes of surgical and rehabilitative practices (Alta
et al, 2012; Garcia-Elias, 2008). The dose length
product for upper limb radiation exposure remains a
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Figure 4. (a) View of the wrist in full radial extension from an anterior to posterior view point. (b) View of the wrist in full
radial extension from a radial to ulnar view point. (c] View of the wrist in full radial extension from an ulnar to radial view
point. This view aids to illustrate the position of the hamate relative to the triquetral. (d) Wrist in full radial extension with
the camera viewpoint set-up between sagittal and posterior-anterior plane looking towards the ulnar-volar direction. This
figure closely demonstrates the anatomical congruent articulation of the trapezoid to the ulnar side of the waist of the

scaphoid.

very low value, and thus, the risk of harm from radia-
tion from these scans remains extremely low [Alta
etal., 2012).

Before the availability of this technology, carpal
kinematics analyses largely consisted of models of
motion using static position imaging (Moritomo et al.,
2004; 2008). In 2004, Morimoto et al. presented video
models to demonstrate radial-ulnar deviation
sequences of the wrist using CT and magnetic reso-
nance imaging. These sequences were constructed
with separate static scans of the wrist being posi-
tioned along the radial-ulnar deviation pathway at 15°
increments. However, these static imaging methods
were limited by their ability to acknowledge inertial or
functional effects of dynamic motion (Moritomo et al.,
2004). Through the technology used in this study, we
were able to capture dynamic in vivo DTM at a rate of

6 frames/s. This enabled us to make observations and
mathematical calculations to describe carpal behav-
iour. The main findings of this study can be summa-
rized as follows.

1. DTM demonstrates a definable pathway of motion
through the mid-carpal joint. This can be described
as a hinge motion of the distal carpal row on the
proximal carpal row with the centre of rotation
situated in the lunate-capitate joint.

2. The distal carpal row (trapezium, trapezoid, capi-
tate, and hamate) behaves as one intercalated unit
with no movement observed between the bones.
However, we must acknowledge that “no move-
ment” is the general finding based on video obser-
vation. Previous investigators reported a small
range of motion (< 5-10°) using a variety of
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Figure 5. (a) View of the wrist in full ulnar flexion from an anterior to posterior view point. This view demonstrates the
engagement of the hook of hamate with the distal triquetral to limit further ulnar-flexion. (b) View of the wrist in full radial
flexion from a radial to ulnar view point. This figure illustrates the trapezium trapezoid motion arc along the congruence of
the dorsal distal scaphoid. (c] View of the wrist in full ulnar flexion from a distal to proximal view point. This view demon-
strates the engagement of the hook of hamate with the triquetral to limit further ulnar flexion.

methods (Moritomo et al., 2004; 2007; Savelberg
et al,, 1993). Observation of taped video may not
have allowed detection of such small range of inter-
bone motion in the distal carpal row in our study.

3. The proximal row (scaphoid, lunate, and tri-
quetrum) is loosely held. We observed toggle
behaviour of the carpal bones in the DTM pathway.
We speculate that this adds tolerance to morpho-
logical irregularities and subtle deviations from
the DTM pathway.

4. Mathematical derivation of the axis of rotation of
DTM is possible and can be described relative to
the radial shaft.

Vitrea software gave us the ability to manipulate the
3D camera viewpoint, which allowed observations of
carpal bones from unconventional angles. In particu-
lar, use of these unconventional viewpoints allowed

for direct visualization of the trapezium-trapezoid key
with the waist of the scaphoid at full radial extension
(Figure 4d). We also observed the concave distal ridge
of the hamate guiding the triquetrum toward the hook
of hamate until it is fully engaged. This engagement
of the hook of hamate with the triquetrum appeared
to limit further ulnar flexion of the wrist, which is con-
sistent with the findings of Kamal et al. (2012).

The software we used allowed virtual marker
application to topographical landmarks on carpal
bones and mathematical calculations to describe car-
pal motion. With identification of three reference
points on the distal radius and its relationship to two
landmarks on the poles of the capitate, we were able
to mathematically derive the axis of rotation of DTM.
This axis was mathematically derived to lie in 27° of
anteversion from the coronal plane (62° from the sag-
ittal plane) and 44° varus angulation.
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Figure 6. Lunate-capitate hinge.

We did find variability in the DTM pathway amongst
the seven volunteers. Bone morphology, variations in
ligamentous insertions, and manual landmark identi-
fication on the bones using the Vitrea console could
all have contributed to this variation.

The intention of this study was to simulate and
study natural dynamic DTM. This posed a considera-
ble challenge in the standardization and definition of
the start and end positions of DTM. It is acknowledged
that there have been many recent studies analyzing
components of DTM using goniometric boundaries
(Bugden, 2013; Tang et al., 2011). Tang et al. have
done ligament length analyses based on the definition
of DTM as the wrist motion arc from the position of
20° radial deviation 60° extension to 40° ulnar devia-
tion and 60° flexion (Tang et al., 2011). In this study we
analyzed DTM in a different way, which did not utilize
goniometric boundaries. We defined the start position
of DTM as the wrist position of congruent articulation
of the trapezoid and the end position of DTM as the
engagement of the hook of hamate to the triquetrum.
We acknowledge that the wrists show DTM movement
beyond these boundaries into further radial-
extension or ulnar-flexion. These movements beyond
our defined end points demonstrated a large degree
of variability due to the biological properties of the
multiple joints involved in this motion. From our
repeat scanning and observations, we noted that the

behaviour of the carpal bones remained consistent
between the two end points defined in this study.

However, in our limited study the extended end
points of DTM were largely variable due to effort-
dependent confounding effects. We noted that the
start and end points of DTM could not be defined by a
particular angle, as this was noted to vary based on
how much effort the subject puts into radial exten-
sion/ulnar flexion. Hence, goniometric measure-
ments were not used to define the start and end points
of DTM in this study. The most consistent/uniform
motion in DTM was noted to lie between the articula-
tion of the trapezium/scaphoid in radial extension to
the first point of engagement of the hook of hamate
with the triquetrum in ulnar flexion. Thus, the axis of
rotation between these two points was calculated as it
is the most mathematically appropriate description
for this motion model. This calculation provided an
accurate direction of motion irrespective of the start
and end position of the wrist. Currently, other studies
that can be used for comparison remain limited.

We must acknowledge the limitations of this study.
This study had to rely on manual topographical land-
mark identification on each wrist scan of the seven
volunteers. Meticulous care was taken to apply mark-
ers consistently to the desired landmarks. However,
minute measurement error cannot be excluded,
which can translate into minute error in calculating
the axis of rotation. This was a limited study of seven
subjects. A larger scale study with a wider demo-
graphic would have been useful in performing a sta-
tistical analysis on the variability of the axis of rotation
and making observations regarding outlier wrists.
This study utilized 4D CT, which is an imaging modal-
ity yet to be widely available. Therefore, the availabil-
ity of this technology for routine wrist analysis
currently remains limited. As mentioned earlier, it is
important to acknowledge that “no movement”, the
general finding based on video observation, may not
be a true absence of motion. Observation of captured
video may not allow detection of small interbone
motion in distal carpal row. We could not provide
exact data of interbone motion except descriptive
statement of general motion patterns.

Nonetheless, with increasing availability of dynamic
volume scanning technology, the methods described
in this study may be of great significance. Many carpal
pathologies are difficult to diagnose and the pathome-
chanics are poorly understood. Dynamic assessment
using novel technology may be helpful to assess com-
plex pathologies and underlying mechanism.
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Clunking of the wrist can be the result of a combination of radiocarpal and mid carpal
ligament insufficiency, coupled with inadequate neuromuscular coordination[61]. Under load-
bearing conditions, any bone tends to rotate into a specific direction depending on several
factors, including the position of the wrist and the time of loading, the direction of the forces
being transferred, and the inclination and shape of the articular surfaces on which the bone

stands[62].

When the clunking derives from an isolated injury of one joint, ligament reconstruction may
be an effective solution. However the traditional concept is that wrist instability is a primary

feature of wrist clunking.

We considered the issue of 4D CT and whether the detection of motion disorders may yield
further information with regard to wrist clunking. In particular, we were interested in

whether impingement of any one of the carpal bones may be present in this clinical setting.

Impingement has been previously difficult to investigate which may potentially reflect the

lack of consideration in the setting of wrist clunking.

The final published paper investigates whether wrist impingement may potentially exist and
possibly co exist with wrist instability. The reclassification of mid carpal instability to include
the presence or absence of impingement of one or more of the carpal bones may need

consideration.
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CASE REPORT

Four-dimensional Computed Tomography and Trigger
Lunate Syndrome

John M. Troupis, MBBS, FRANZCR,* and Benjamin Amis, MDf

Background: A 22-year-old man with no history of trauma and normal
plain films, ultrasound, and magnetic resonance imaging presents with
several months of increasingly severe pain and clicking in the right wrist.
He is clinically diagnosed with midcarpal instability and undergoes a 4-
dimensional computed tomography scan of his wrist for further evaluation.
Methods: The motion of the subject’s lunate was evaluated through a
full arc of flexion and extension as well as radial and ulnar deviation. A
comparison was made with the lunate of an asymptomatic patient dem-
onstrating the same motions.

Results: The symptomatic lunate demonstrated early smooth motion,
followed by cessation of motion, and then again followed by smooth
catch up motion. The asymptomatic patient demonstrated smooth lunate
motion throughout the study.

Discussion: The lunate motion, with an abrupt cessation and re-
commencement of flexion/extension, was consistent with a triggering
phenomenon. This trigger lunate motion abnormality, although consis-
tent with the “clunking” sensation often described during the physical
examination, has not been previously recognized radiographically as a
feature of midcarpal instability.

Key Words: 4D CT, midcarpal instability, trigger lunate syndrome
(J Comput Assist Tomogr 2013;37: 639-643)

22-year-old man with no history of trauma presents with

several months of increasingly severe pain and clicking
in the right wrist. Plain film radiography, ultrasound, and mag-
netic resonance imaging examinations demonstrate largely unre-
markable appearance, without evidence of joint space disturbance
or tendon or other superficial tissue abnormalities, and normal in-
trinsic and extrinsic ligaments of the wrist and midcarpal region.
The provisional clinical diagnosis was midcarpal instability syn-
drome. We further investigated this condition with the assistance
of a wide volume detector computed tomography (CT) scanning
(4-dimensional CT [4D CT]) technique.

METHODS

The patient was asked to undergo a 4D CT scan of his
symptomatic wrist to analyze the clinically diagnosed midcarpal
instability. Data from a previously scanned asymptomatic wrist
were utilized as a comparison for this study.

The CT scan was performed using 320 x 0.5-mm multi-
detector CT (Aquilion One Toshiba Medical Systems, Otawara-shi,
Tochigi-ken, Japan). Because of the wide z axis scan volume
of 16 cm (proximal to distal) and gantry rotation speed of
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350 milliseconds, we were able to acquire approximately 6 vol-
ume data sets per second (each volume data second can be ac-
quired in half an x-ray tube rotation). Because we performed a
volumetric acquisition, no table movement was necessary.

The patient was coached by the imaging technologist
to perform similar motions of both wrists (symptomatic and
asymptomatic) in the CT scanner consisting of full wrist flex-
ion/extension and radial/ulnar deviation. The CT scans were
captured, and 4D motion reconstructions in the traditional axial,
sagittal, and coronal planes were created. The data set was ex-
amined specifically for the position of the hand and the
radiolunate angle during each arc from full extension to flexion
and from full ulnar to radial deviation. The radiolunate angle
was determined by drawing a line connecting the 2 poles of the
lunate on a sagittal image and then drawing a line perpendicular
to this. The angle between this line and a line drawn along the
axis of the radius defined the radiolunate angle. The position
of the hand was determined by drawing a line along the axis of

FIGURE 1. To determine the radiolunate angle, a line is drawn
that connects the 2 poles of the lunate on a sagittal image,
and then a new line is drawn that is perpendicular to this. The
angle between this line and a line drawn along the long axis
of the radius through to the third metacarpal defines the
radiolunate angle.
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FIGURE 2. A series of sagittal images of the asymptomatic wrist reconstructed through the midlunate during the motion of hand
extension through to hand flexion from which subsequent angles are obtained.

the capitate and third metacarpal and comparing this to a line
drawn along the axis of the radius (Fig. 1). Each reconstructed
image is labeled with a phase time allowing for measurement
taken on different spatial reconstructions to be correlated by
phase (as the wrist is not centered within the image volume,

automated analysis is not possible). All analysis was performed
on OsiriX DICOM Viewer.

The results were then plotted on a simple line graph. The
x axis on the graph represents phases (each image of acquisition
represents an individual phase). The arc of radiolunate angle

FIGURE 3. A series of sagittal images of the symptomatic wrist reconstructed through the midlunate during the motion of hand

extension through to hand flexion and back to hand extension.
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FIGURE 4. A series of representative images highlighting the delayed flexion of the abnormal wrist (bottom row) when compared
with the normal wrist (top row) with both hands in a neutral position. The middle image of both rows best demonstrates the

delayed lunate flexion with hand in neutral.

was plotted on each graph to allow for objective comparison
between the symptomatic and asymptomatic carpus.

The effective radiation exposure was calculated using the
dose-length product (DLP) and multiplying this with an organ
specific conversion factor (0.0001).

RESULTS

Figures 2 and 3 are a series of sagittal images of the
asymptomatic and symptomatic wrists respectively, demon-
strating the position of the lunate in each phase.

Figure 4 (normal wrist top row, abnormal wrist bottom
row) is a series of representative images highlighting the de-
layed flexion of the abnormal wrist when both hands are in a
neutral position.

Assessment of all cine movie files revealed abnormal mo-
tion of the lunate in the sagittal projection when compared with
the normal wrist. In our symptomatic patient, we noted that in
both hand flexion/extension and ulnar/radial deviation, there was
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FIGURE 5. Arc of radiolunate motion of normal wrist—hand
extension to flexion.
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a notable absence of smooth lunate transition from extension to
flexion when compared with our normal control (Figs. 5-8). In
particular, during the smooth arc of motion of the hand in both
of these motions, the lunate demonstrated early smooth motion,
followed by cessation of motion, and then again followed by
smooth catch-up motion. Throughout the study, the symptomatic
lunate demonstrated no evidence of subluxation, with the radial,
capitate, and scaphoid articulations remaining congruent. In all
imaging planes, including both volume-rendered and multiplanar
imaging, no abnormality of either the lunate or other carpal bone
configuration was identified.

The assessment of the normal lunate motion confirmed the
expected normal motion extension with hand extension, flexion
with hand flexion, flexion with radial deviation, and extension
with ulnar deviation.

In our case of lunate motion assessment, each acquisition
recorded DLP of approximately 410.7 mGy - cm, with total
DLP of 1789.2 mGy - cm (includes all acquisitions and scouts),
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FIGURE 6. Arc of radiolunate motion of symptomatic
wrist—hand extension to flexion.
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Arc of Radiolunate Angle - Symptomatic Wrist
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FIGURE 7. Arc of radiolunate motion of symptomatic
wrist—hand ulnar to radial deviation.

resulting in effective radiation exposure of 0.05 mSv per CT
acquisition and 0.18 mSV for the entire series (including scout
images).

DISCUSSION

Midcarpal instability was first described by Mouchet and
Belot! in 1934 using the term “snapping wrist.” Midcarpal in-
stability syndrome typically presents with pain and clunking on
wrist flexion/extension or ulnar/radial deviation.>™ It is defined
as a dysfunction between the 2 carpal rows in which there is no
evidence of dissociation of the bones in a single carpal row and is
classified as in the spectrum of carpal instabilities as indicated in
Table 1.5 It requires disruption/dysfunction of the ligaments,
which cross the midcarpal joint, such as the scaphocapitate,
triquetro-hamate-capitate ligament, and, to a lesser extent, the
scaphocapitate and scapho-trapezio-trapezoid ligaments. Whereas
a wide variety of the clinical findings of midcarpal instability
spectrum pathologies have been described, radiographic evidence
of the underlying causes has been elusive because of the dynamic
nature of the condition.

To evaluate for abnormal lunate motion, knowledge re-
garding the normal motion is paramount. The normal lunate
tends to follow the wrist in flexion and extension. However, as
the hand radially deviates, the distal carpal row pushes the distal
scaphoid into flexion and the lunate follows due to the strong
scapholunate ligament. As the hand ulnarly deviates, the lunate
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FIGURE 8. Arc of radiolunate motion of normal wrist—hand
ulnar to radial deviation
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TABLE 1. Classification of Carpal Instabilities

L. Perilunate instabilities (carpal instability dissociative)
A. Lesser arc pattern
1. Scapholunate instability
2. Triquetrolunate instability
3. Complete perilunate dislocation
B. Greater arc pattern
1. Scaphoid fracture
a. Stable
b. Unstable (DISI)
2. Naviculocapitate syndrome
3. Transcaphoid transtriquetral perilunate dislocations
4. Variations and combinations of points BI through B3
II. MCls (midcarpal CIND)
A. Intrinsic (ligamentous laxity)
1. Palmar MCI (VISI)
2. Dorsal MCI (DISI)
3. Combined
B. Extrinsic (dorsally displaced radial fracture)
III. Proximal carpal instabilities
A. Ulnar translocation of the carpus

B. Dorsal instability (after dorsal rim fracture—dorsal Barton
fracture)

C. Palmar instability (after volar rim distal radial fracture—volar
Barton fracture)

IV. Miscellaneous
A. Axial
B. Periscaphoid

CIND indicates carpal instability non dissociative; DISI, dorsal in-
tercalated segmental instability; MCIs, mid carpal instability; VISI:
volar intercalated segmental instability.

and scaphoid rotate into extension through a combined effect
of the interosseous ligaments and the coupled rotation of the
distal row into a dorsally translated position.*

In our case study, we determined that the patient’s symp-
toms (pain and clunking on hand motion) were directly asso-
ciated with abnormal lunate motion. The lunate motion, with
an abrupt cessation and recommencement of flexion/extension,
was consistent with a triggering phenomenon. This trigger lunate
motion abnormality, although consistent with the “clunking”
sensation often described during the physical examination, has
not been previously recognized radiographically as a feature
of midcarpal instability, which is classified according to in-
stability and not impingement. We have been able to confi-
dently identify triggering of the lunate both visually (assessment
of the 3-dimensional volume-rendered video files) and objec-
tively (documentation of the radius/lunate angle in comparison
with hand position).

In the study of scapholunate (as opposed to midcarpal)
instability, the concept of dynamic scaphoid instability and the
use of stress radiographs to better identify “occult” carpal ab-
normalities that were not detectable on static images have been
developed.® More recently, sequential CT and magnetic reso-
nance imaging in combination with complex computerized
modeling have allowed for highly accurate analysis of carpal
anatomy and kinematics.*'" However, these techniques are
limited by their use of segmental static images requiring com-
puterized rendering, which may miss subtle shifts in position

© 2013 Lippincott Williams & Wilkins
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and therefore may not accurately reflect dynamic processes.
These techniques are also not readily available for everyday use
in clinical diagnosis.

In this case, we have been able to utilize the unique prop-
erties of wide volume CT scan to detect motion disturbance of
the lunate, which has not been previously reported as a feature
of midcarpal instability and which may, in our view, define a
specific condition previously generalized under the wide spec-
trum of midcarpal instability spectrum conditions.

CONCLUSIONS

By using 4D CT to further assess lunate motion in the
setting of the clinical condition, midcarpal instability syndrome,
we have been able to detect abnormal lunate motion, which has
a trigger-type pattern. Our findings present evidence for the
existence of a previously unrecognized condition, trigger lunate
syndrome, which, to our knowledge, has not been previously
reported and which would appear to either mimic lunate insta-
bility or, more than likely, be a unique feature of patients who
present with midcarpal instability.

We propose that 4D CT should be used to further investi-
gate all functional carpal instability syndromes as this technique
has the potential to add significantly to our knowledge carpal
bone motion abnormalities.

ACKNOWLEDGMENTS
The authors thank Jacqui Hislop and Marcus Crossett for
their support with the use of the Toshiba 4D CT scanner.

© 2013 Lippincott Williams & Wilkins

REFERENCES

. Mouchet A, Belot J. Poignet a ressaut (subluxation mediocarpienne en

avant). Bull Mem Soc Natl Chir. 1934;60:1243-1244.

. Linscheid RL, Dobyns JH, Beabout JW, et al. Traumatic instability of

the wrist. Diagnosis, classification, and pathomechanics. J Bone Joint
Surg Am. 1972;54:1612-1632.

. Watson H, Ottoni L, Pitts E, et al. Rotary subluxation of the scaphoid : a

spectrum of instability. J Hand Surg Br. 1993;18:62-64.

. Kuo CE, Wolfe SW. Scapholunate instability: current concepts in

diagnosis and management. J Hand Surg Am. 2008;33:998-1013.

. Lichtman DM, Wroten ES. Understanding midcarpal instability. J Hand

Surg Am. 2006;31:491-498.

. Crisco JJ, Wolfe SW, Neu CP, et al. Advances in the in vivo

measurement of normal and abnormal carpal kinematics. Orthop Clin
North Am. 2001;32:219-231, vii.

. Moojen TM, Snel JG, Ritt MIPE, et al. Three-dimensional carpal

kinematics in vivo. Clin Biomech (Bristol, Avon). 2002;17:506-514.

. Crisco JJJ, McGovern RDR, Wolfe SWS. Noninvasive technique for

measuring in vivo three-dimensional carpal bone kinematics. J Orthop
Res. 1998;17:96-100.

. Neu CPC, Crisco J1J, Wolfe SWS. In vivo kinematic behavior of the

radio-capitate joint during wrist flexion-extension and radio-ulnar
deviation. J Biomech. 2001;34:1429-1438.

. Majors BJ, Wayne JS. Development and validation of a computational

model for investigation of wrist biomechanics. Ann Biomed Eng.
2011;39:2807-2815.

www.jcat.org | 643

Copyright © 2013 Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

81



82

DISCUSSION/CONCLUSION

The technical innovation of wide field of view CT has allowed medical imaging to approach
the imaging of human anatomy both from a physiological and also from a morphological
motion perspective. It is now possible to examine numerous portions of clinically significant
tissues at the same point in time, thereby accurately assessing for physiological disturbances.

Two organs where this is of acute importance are the brain and heart.

With regard to coronary artery CT, wide field of view CT has allowed an exception to the
traditional concept of a requirement to have patient’s heart rate below the temporal
resolution of the CT unit. We demonstrated that due to capability of volume acquisition, and
due to the absence of multisegment reconstruction, diagnostic quality coronary artery images
are possible should the patient’s heart rate be higher than the CT temporal resolution. This
has previously not been possible as the temporal resolution of the CT unit was considered a

limiting factor with regard to obtaining diagnostic coronary artery CT.

We have demonstrated the significant advance of wide field of view CT with regard to acute
brain perfusion in patients assessed clinically as possibly suffering from cerebrovascular
infarction and who may be considered, optimally, for acute thrombolytic therapy as part of
the acute stroke management of a tertiary medical institution. As the exact site of perfusion
anomaly may be clinically difficult to isolate, the advantage of wide field of view CT is of a
significant increase in coverage of neurological tissue, in particular including the brain stem
together with the cerebrum and portions of the cerebellum at the same time. We have
demonstrated that there may be significant advantages for the patient when the perfusion
assessment is performed with wide field of view CT. In addition, the increased z axis coverage
makes possible the rapid repeat acquisition of the entire field of view due to the static and not
helical acquisition, with contrast continuing to perfuse through the tissue. By performing

contrast perfusion with rapid repeat scanning, “real-time” angiography may potentially be



83

achieved, approaching the diagnostic yield of catheter digital subtraction angiography. This
may have the potential impact of limiting catheter digital subtraction angiography to the
therapeutic arena. This focus of brain perfusion with wide field of view CT requires further
exploration. Our paper has introduced an insight into the different acquisition principles,

which should be a catalyst for further investigations.

Myocardial perfusion is considered the “holy grail” of cardiac imaging. The ability to assess
the perfusion of myocardium, at one moment in time, with the concurrent assessment of
coronary arteries, which may or may not be subject to obstructive coronary artery disease,
has been subject to much investigation. Wide field of view CT has allowed the assessment of
myocardial density throughout the heart at the same time point, thereby negating the
influence of density depending on the timing of contrast administration. Due to inherent
nature of coronary artery CT, examination of the whole heart at the same time has not been
previously possible. We examined the myocardial density in normal myocardium, and
determined that the posterolateral myocardium demonstrates a lower density than the
remainder of the myocardium, which shows similar density profile. This phenomenon cannot
be attributed to differences in the myocardial position in relation to contrast timing as the
examination is performed at all positions of the heart at the same time point. We have
therefore confirmed this “difference” in myocardial densities as likely due to structural
phenomenon, independent of contrast. This finding allowed us to further examine the
influence of clinically significant ischaemia on myocardial segmental densities. We aimed to
examine myocardial segments at the same time point in both the non-ischaemic and
ischaemic clinical setting. We determined that no statistically significant difference between
the segments subject to ischaemia could be identified. Having determined the absence of
statistically significant myocardial density change in ischaemia in the rest state, our findings
have provided a significant baseline for further investigations. In particular further

investigations may now consider the influence of timing of contrast perfusion, contrast
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density and volume modification, and the possible detection of ischaemia induced myocardial
segmental density reduction either in the early dynamic perfusion assessment or possible
detection of hyperdensity in the delayed phase due to abnormal tissue pharmacokinetics, as

may be seen in cardiac MRI.

When considering wide field of view with rapid repeat acquisitions, the concept of 4
Dimensional Computer Tomography (4D CT) is introduced. We investigated 4D CT and
considered the possible clinical impact in conditions where motion disorder is a dominant
finding. In particular, we found that 4D CT has significant clinical utility in musculoskeletal
imaging where clinical conditions related to instability, impingement or tethering have been
difficult to investigate due to their “dynamic” abnormalities whilst otherwise maintaining

unremarkable morphological appearances.

We commenced investigations with the normal acromion-clavicular (AC) joint and identified
the pattern of normal joint motion during adduction of the arm, both with and without
resisted superior elevation. The exact motion of the AC joint was previously not defined in
real time with cross sectional imaging, with the motion assessment limited to real time

imaging without cross sectional capabilities such as ultrasonography.

We determined that in arm adduction with resisted elevation, the main movement of the AC
joint is posterior and superior translation of the clavicle. A further finding was confirmation
that AC joint flexibility reduces with age, which may explain the difference between expected

clinical outcome of younger versus older patients in the setting of distal clavicular excision.

One of the more complex joints which is least understood is the wrist and associated
intercarpal joints. It is well established that the dart throwers motion is the index motion
which best defines the complexity of motion within the carpus. As the knowledge of the
intercarpal motions is limited to either cadaveric research, invivo surgical exploration or

dynamic non cross-sectional fluoroscopy, we used 4D CT combined with a dynamic 3
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Dimensional (3D) mapping method to model the normal wrist in dart throwers motion. By
applying a 3D coordinate system and 3D volume rendered reconstructions in multiple motion
phases, we observed the motion pathways of all carpal bones and calculated the overall axis of
rotation of the motion, which we found to be in 27 degrees of anterversion from the coronal
plane, and 44 degrees of varus angulation relative to the transverse plane. The findings have
significant implications with regard to wrist and intercarpal surgery. Future hand surgical and

rehabilitative practices may benefit from this knowledge.

As our first two 4D CT musculoskeletal imaging investigations yielded significant increase in
knowledge of the normal motion of the AC and wrist joints, we then considered the issue of
clinical utility in motion disorders. One of the least understood motion disorders is mid carpal
instability where patients may present with significant morbidity with unremarkable imaging,
requiring exploratory surgery. Our investigation of mid carpal instability yielded a unique
insight into the motion of the lunate with respect to both the radius (at the proximal articular
surface) and the capitate (at the distal articular surface). We were able to report on a
previously unknown clinical entity, that of lunate impingement. We noted that the normal
lunate demonstrates a smooth motion from volar to dorsal extension and back. However after
carefully examining the sagittal motion of the lunate, we detected an abrupt change in
angulation with catch up of the motion. We were intrigued as there had never been a recorded
description of this triggering lunate. We postulate the trigger lunate syndrome most likely
represents a subset of patients who otherwise present with clinical symptomatology
consistent with mid carpal instability. To our knowledge, our report of the trigger lunate
syndrome is the first recognition and is due to the functional utility of 4D CT. We propose that

4D CT may continue to yield further insight into the complexity of wrist motion disorders.

Wide field of view CT and, in particular, 4D CT have resulted in a significant increase in
knowledge of both conditions which have been previously extensively investigated, and also

conditions which have not been well understood. It is considered to be a unique opportunity
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for further examination of organs which fluctuate in morphology and density and which

routine CT is able to provide limited information.

Further work to investigate both brain and heart is considered crucial especially in the
regions of brain death, cerebral perfusion, vascular anomalies and myocardial perfusion.
However further work is likely to yield a greater understanding of joint disorders, especially

pertaining to instability and impingement.

We suggest that spinal instability in the setting of cervical facet joint osteoarthritis and
lumbar spine listhesis (either due to facet joint osteoarthritis or pars inter articularis defects)
may also benefit from 4D CT with an ability to possibly further categorize the severity of the

underlying pathology by the severity of secondary instability.

Further consideration for 4D CT utility is that of tethering of tissues, which may be of clinical
relevance. Areas of interest may include lung carcinoma and possible chest wall or vascular
invasion. Differential motion of the carcinoma and the adjacent tissues can be expected during
inspiration and expiration. Furthermore, redo sternotomy does have a small but significant
mortality risk. Consideration toward 4D CT and the assessment of differential motion
between the anterior cardiac/vascular structures and the posterior sternum in the midline
may yield results relevant to the managing surgeon, who may elect to modify sternotomy

technique.

The technical innovations of wide field of view CT and 4D CT have provided a unique

opportunity into further understanding both the normal and also the abnormal human organ.
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