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Abstract
Aims: To investigate the feasibility and accuracy of 3D-US extended field of view volumetric analyses acquired with
mechanically-swept ultrasound probes with different measurement methods for large volume thyroid phantoms. Materials
and methods: Fifteen thyroid phantoms with different shapes (regular, nodular, thickened isthmus) and volumes (50-400 mL)
were created. Two different mechanically-swept US probes were used for the separate scanning of the left and right lobes:
convex and linear probe. After specific modifications, the 3D-US datasets were stitched together to an extended field of view
using predefined landmarks. Volumetric analyses were performed by conventional ellipsoid model and manual tracing methods. The correspondence of measured and reference volumes was calculated using Pearson’s correlation coefficients and limits
of agreement according to Bland and Altman. Results: The C-probe proved feasible for the acquisition and processing of the
three-dimensional ultrasound extended field of view images; very high levels of agreement (correlation coefficients for volume
analyses: 0.9843-0.9992) were observed for all shapes and volumes investigated. The manual tracing method showed superior
results in comparison to the ellipsoid model, but was more time consuming. The linear probe was only applicable for the 50 mL
phantoms due to its limited field of view. Conclusions: The investigated mechanically-swept convex probe was suitable for
the three-dimensional ultrasound extended field of view stitching of large volume thyroid phantoms. Accurate volume analyses
could be carried out. The mechanically-swept linear probe is limited to a maximum of 50 mL.
Keywords: 3D-US; thyroid phantoms; extended field of view; ellipsoid model; mechanically-swept probes

Introduction
Over 10% of the world population have an enlarged
thyroid gland with or without nodules. The main causes
are environmental factors, in particular regional iodine
intake, as well as individual factors such as gender, age,
genes, and consumption behavior. However, size and
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shape of the thyroid glands are subject to a wide variability and large multinodular goiters continue to appear
relatively frequently in clinical practice [1-5].
Ultrasonography (US) remains the basic diagnostic
tool for thyroid imaging [6,7]. Accurate volume measurements are particularly important for activity calculations
in preparation of radioiodine therapy and the assessment
of its effectiveness [8,9]. High anatomical resolution
with favorable soft-tissue contrast, absence of contraindications or radiation exposure, cost-effectiveness, and
ubiquitous availability are well-known benefits of US
in comparison to competing methods such as magnetic
resonance imaging (MRI) and computed tomography
(CT) [10].
Today’s clinical standard comprises two-dimensional
US imaging (2D-US) of the thyroid gland [11]. Assum-
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ing that the thyroid lobes have an ideal shape, which is
reasonably appropriate for ordinary thyroid glands, the
ellipsoid model (em) is universally applied for volumetric analyses [12]. However, anatomical variants and diseases cause significant changes of the organs morphology and thereby can affect the accuracy of measurements.
Furthermore, inter- and intra-observer variability may
lead to remarkable volumetric errors, especially in case
of large volume thyroid glands with several shape deformations [12-15].
The use of three-dimensional ultrasound (3D-US)
enables the operator to generate volume datasets in three
dimensions, store them to Picture Archiving and Communication Systems (PACS), and perform post hoc volumetric analyses [16,17]. In addition, 3D-US allows the
use of contour-based slice-wise manual tracing (mt) analogues to sectional imaging in MRI and CT [18]. It has
been shown that this method reaches very high levels of
agreement with the actual thyroid volumes [19]. However, heavily enlarged thyroid glands may exceed the field
of view (FOV) of common 3D probes, inhibiting comprehensive recording of the whole organ with one single
scan [17,20]. Several approaches have been introduced
to overcome this limitation, e.g. by creating extended
FOV (EFOV) 3D-US images using optical tracking of a
calibrated 3D-US probe which has a 2D transducer array
[21]. Another possible solution to overcome the spatial
limitations, the post hoc assembly of two or more 3D-US
datasets by means of the stitching method, has been recently published [22]. Stitching allows the generation of
a jointed volume dataset out of several single US scans,
leading to an EFOV. The introduced phantom study, using sensor-navigated (sn) US probes, confirmed the feasibility of the method even in large thyroid phantoms (up
to 400 mL) [22].
However, sn 3D-US is a magnet-based technology
and therefore requires specific equipment: an externally
installed magnet (creating the magnetic field) and magnetic sensor-clips attached to the US probes (tracking
the spatial orientation of the probe within the magnetic
field). Magnetic fields are interference-prone and the
sensor-clips can impede the accessibility of human thyroid glands in sagittal orientation, especially in the case
of obesity or narrow cervical anatomy. In addition, sn
US probes are rarely used in clinical practice, whereas
mechanically-swept (ms) approaches are more widely
established, especially in gynecology [23].
Therefore, the first purpose of the current study is to
investigate whether stitching of two separately acquired
3D-US datasets of large volume thyroid phantoms (with
several volume and shape variants) is feasible with ms
US probes, too. The previous sn 3D-US study showed

very high correlation coefficients between the measured
and the reference volumes, revealing superior data for the
mt method in comparison to the em approach [22]. Thus,
the second aim of this study is to investigate whether
similar results for volumetric analyses can be achieved
with ms US probes.
Materials and methods
Phantoms
Fifteen water-filled, heart-shaped balloons were created based on previously introduced methods [12,22].
The phantoms were produced with several shape variations in 15 predefined volumes (50, 75, 100, 125, 150,
175, 200, 225, 250, 275, 300, 325, 350, 375, and 400 mL)
(fig 1). To reproduce the lobes of a normal thyroid gland,
a median clamp was applied simulating the typically narrow isthmus (fig 1a and 1b).
For US imaging, the phantoms were placed 2 cm below the water surface of a double-walled, water-filled
plastic container. Four tiny plastic pieces were inserted
into the balloons and then ligated to the wall of the inner plastic container with two threads per pole (fig 2).
Besides the isthmus clamp, three landmarks per side
were fixed onto the front of the phantom. The landmarks,
consisting of echogenic hybrid polymer glue (Fix All
Classic, Soudal, Leverkusen, Germany) served as orientation points for post hoc stitching of the separately
acquired 3D-US datasets. A 2 cm diameter polymethylmethacrylate (Perspex®, Billingham, UK) rod fixed onto
styrofoam 2 cm above the bottom simulated the human
trachea. The phantoms were stretched along the rod and
fixed with threads as previously described to simulate an
anthropomorphic shape of the thyroid gland (fig 2a).
The tare weight of each empty balloon was measured
using a precision scale. Subsequently, pre-boiled water
(to minimize air bubbles) was filled into the balloons.
The net volumes, representing the reference standard for
volumetric accuracy assessment were achieved by weight
measurements. A second weight measurement was carried out after the experiments to exclude leakages.
The 3D-US images were acquired in three cycles:
first, with normal-shaped thyroid phantoms (fig 1a), secondly with lobe deformations achieved by ligations to
simulate nodular goiters (fig 1b), and third, by removing
the isthmus clamp to simulate a thickened isthmus (fig
2c).
Ultrasonography scans
All scans were performed with the Logiq E9 US device (General Electric Medical Systems, Milwaukee,
WI, USA). In contrast to the previously published data
based on the use of sn US probes [22], ms US probes
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Fig 1. Shape variants of the thyroid phantoms (volumes: 50
mL each): Regular shape with isthmus simulation by means of
a median clamp (yellow arrow) (a), nodular shape with lobe
bindings (blue arrows) (b), and thickened isthmus shape without clamp or bindings (c).

Fig 3. Manual tracing (mt) volumetric analyses of 3D-US extended field of view (EFOV) images of a 200-mL phantom
sample acquired with the convex RAB4-8 probe (C-probe).
Slice-wise manually contouring for volume data generation,
depicted in transverse (a, c) and coronal (b, d) orientation (right
lobe: turquoises, left lobe: blue) for clinical software (a, b) and
research software (c, d).

Fig 2. 3D-US set-up: Phantom sample (volume: 200 mL) with
hybrid polymer landmarks (blue arrows) used for stitching
guidance (a). A Perspex® rod (white arrow) serves as trachea
imitation and construction aid. An array inside the convex
RAB4-8 probes (C-probe) housing automatically moves in
craniocaudal direction (red arrow) (b). The yellow box represents the field-of-view (FOV) of the mechanically-swept (ms)
probes. US scanning in a water-filled container via C-probe (c)
and a linear RSP6-16 probe (L-probe) (d).

were applied in the present study. Two different volume
probes with incorporated motorized arrays, specifically
the convex RAB4-8 probe (C-probe) (fig 2b, 2c, 3a, and
3b) and the linear RSP6-16 probe (L-probe) (fig 2d),
were utilized. The automatically swept arrays enabled a
dedicated area to be scanned without moving the probes
housing (fig 2b), creating 3D volume datasets. Separate
scans of the phantoms’ right and left lobes were carried
out. The probes were held fixed and the image acquisitions were performed in axial orientation. The inclusion

of the isthmus ensured that each scan comprised the three
ipsilateral and three contralateral landmarks (fig 3).
The US parameters were optimized to the following
device specific presets: C-probe: transmitting power:
80%, number of foci: 1 (depth was manually optimized),
contrast harmonic imaging: on, dynamic range: 51 dB,
cross beam: maximum, volume angle: maximum (84°),
b-mode quality: maximum, speckle reduction imaging
(SRI): 4, grey scale: D; L-probe: transmitting power:
22%, number of foci: 1(depth was manually optimized),
contrast harmonic imaging: on, dynamic range: 36 dB,
cross beam: maximum, volume angle: maximum (84°),
b-mode quality: Hi2 (maximum), speckle reduction imaging (SRI): 4, grey scale: J.
Digital Imaging and Communications
in Medicine (DICOM) export and
pre-stitching data modification
Local storage of the 3D-US volume datasets was
performed using a specific DICOM standard for 3D-US
(Enhanced Ultrasound Volume Storage; EUVS). Subsequently, the data were transferred to an external storage
medium. In contrast to the sn approach [22], the current
ms datasets required modifications of size specifications. After transferring the data from the US device to
the computer software PMOD (software version 3.409,
PMOD Technologies Ltd., Zurich, Switzerland), we
noticed that the edge lengths of the image voxels were
incorrect and did not fit in an appropriate rectangular matrix. This manufacturer-specific bug was probably caused
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by voxel deformations due to the diversified US beam
which particularly affects the distant reflections. The pixel edge length was digitally calibrated to the fixed size
of the penetration depth with PMOD, and thus a correct
indication of the voxel edge length could be restored.
Stitching and post-stitching data modification
Subsequently, the respective 3D-US scans of the left
and right lobes were transferred to the stitching module
of PMOD. The semi-transparently displayed images
were aligned until the six landmarks were superimposed
in axial and sagittal orientation (fig 3e). The newly created extended 3D-US datasets then included both lobes of
the phantom and were locally stored (fig 3e). To reduce
the time expenditure for mt volumetric analyses, the extended 3D-US datasets were converted to a uniform slice
thickness of 3.0 mm using PMOD software as previously
described [12].
In contrast to the sn data [22], the bit depth of the
pixels and the DICOM format had to be adapted for cs
usage, because cs only accepts manufacturer-specific CT
data sets for volumetric analyses. This modification was
carried out with the software Sante DICOM Editor (Version 5.0.2., Santesoft Ltd., Athens, Greece).
Volumetric analyses
One experienced investigator performed all volumetric analyses. The datasets were assessed by means of
both the em (lengthmax x widthmax x depthmax x 0.5) and
the mt method. In contrast to the previously reported snbased study [22], mt was performed using two different
software tools: “CT-Tool” of syngo Multimodality Workplace (Version VE40A, Siemens AG, Munich, Germany)
= clinical software (cs) and “image viewing and volume of
interest analysis” tool of PMOD = research software (rs).
The em measurements were carried out separately for
each lobe starting with the maximum cranial-caudal diameter (length) in sagittal orientation. Subsequently, the
maximum medial-lateral (width) and anterior-posterior
(depth) diameters were measured in transverse orientation. In the case of phantoms with thickened isthmus, the
isthmus volume was divided and assigned to the volumes
of the respective right or left lobe; no separate isthmus
measurement was carried out.
The mt method was manually performed by the operator, drawing individual regions of interest (ROI) according to the phantoms’ contours in parallel transversal
slices (fig 4a) with cs (fig 4a, b) and rs (fig 4c, d), respectively. Analogous to the em method, left and right lobes
were assessed separately. Exceptions were the phantoms
with thickened isthmus, in which a single holistic contour was drawn covering the right lobe, the left lobe, and
the isthmus. Volume calculations were automatically output by the software.

Fig 4. 3D-US of each lobe (a, b) and partial volume stitching
(c-e): Sequential data acquisition of the left (a) and right lobe (b)
of a 200-mL phantom sample using the convex RAB4-8 probe
(C-probe). The two 3D-US datasets (c, d) were stitched together (e) in PMOD software using the apposite bilateral landmarks
(blue arrows).

Statistical analysis
The relationships between the measured and reference volumes of the thyroid phantoms was calculated
using Pearson’s correlation coefficient. The deviation
of measured volumes were calculated as percentage of
the reference volumes by means of a slightly modified
version of the Bland and Altman method [24]. These relative differences were described by mean, standard deviation (SD), median, range (minimum, maximum), and
the 95% confidence intervals (CI) of the mean [25]. If
the confidence interval did not include a zero value, the
corresponding method had a significant systematic error
(significance level 0.05, overestimation or underestimation of the reference volume). Additionally, measured
and reference volumes were compared using the limits
of agreement (mean + 1.96*SD) [24]. Assuming normal
distribution, these intervals included 95% of all differences. The statistical calculations were performed using
the Stata/IC software for Windows (software version
13.1, StataCorp LP, College Station, TX, USA).
Results
The C-probe was suitable to investigate differently
sized and shaped large volume thyroid phantoms (50-400
mL). All phantoms could be satisfactorily examined according to the intent of the study with the C-probe. However, the L-probe was only applicable to the 50 mL phantoms. The assessable scanning area (FOV) was limited
by the structural design of the probe due to its linear array
construction. The angle of the incorporated motorized ms
array was not wide enough to capture the full extent of
large volume phantoms, especially the cranial-caudal diameter (length). Furthermore, in contrast to other linear
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probes (such as the previously investigated sn probes),
the virtual convex mode was not available for the Lprobe when using the 3D mode, resulting in a bilateral
restriction of the FOV. Therefore, L-probe volume analyses could only be carried out for the 50 mL phantoms.
Nevertheless, stitching of the obtained datasets via
PMOD proved feasible for both probes. Fully captured
phantoms in 3D-US EFOV were successfully subjected
to volumetric analyses with both the em and mt methods.
Acquisition of a complete ms 3D-US dataset (right
and left lobe) took 2-3 minutes regardless of the selected
US probe. The pre-stitching modification of the voxel
edge length for the ms datasets lasted about 2-3 minutes.
For the stitching of two corresponding scans an average
time expenditure of 4 minutes was necessary. Adjusting
the bit depth and DICOM format for the cs took about 10
minutes per dataset. The duration of mt measurements
were 15-20 minutes, while the em measurements took
1-2 min (fig 5).
The correlation coefficients between the measured
and reference volumes (in respect to the measurement
results of all phantom sizes), the mean values, medians,
SDs, ranges, 95% CI, and limits of agreement for all three
phantom shapes (regular, nodular, thickened isthmus),
both volumetric analyses methods (em and mt), and both
software types (cs and rs), are presented in Table I. The
high correlation coefficients (0.9843-0.9992), irrespective of the measurement method or phantom shape, indicate a very strong positive relationship between the
measured and reference volumes.

Fig 5. Workflow graph showing the steps from 3D-US data
acquisition to final volume measurements. PMOD = research
software; syngo MMWP (Multimodality Workplace) = clinical
software.

The C-probe data revealed very similar results for cs
and rs calculations. However, considerably smaller deviations, higher SDs and wider 95% CI were observed
for the em method in comparison to the mt approach.
The anatomical variants (nodular shaped and thickened
isthmus phantoms) showed markedly higher deviations
in comparison to the regular shaped phantoms, especially
for the em method. The volumes of regular shaped phantoms were significantly overestimated with both the em
and mt methods (em > mt).
Since the L-probe was only applicable for 50 mL phantoms, no reliable data could be acquired. For the 50 mL
phantoms an overestimation of approximately 10% was

Table I. Correlation and deviation analyses of convex RAB4-8 probe (C-probe) volume measurements in comparison to the reference volumes.
Method

Phantom
shape

Ellipsoid model regular
nodular
thick isthmus
Manual tracing

regular
nodular
thick isthmus

Software Rho*

cs
rs
cs
rs
cs
rs
cs
rs
cs
rs
cs
rs

0.9982
0.9982
0.9866
0.9851
0.9827
0.9843
0.9992
0.9988
0.9986
0.9987
0.9972
0.9992

Mean±SD

Median

Percentage deviation
Range
95% CI

3.9±4.2
3.8±4.1
2.1±8.7
1.8±8.5
-2.4±9.4
-2.4±8.8
1.8±2.1
3.2±2.2
1.1±3.6
1.6±3.9
2.2±4.7
2.5±2.5

5.9
5.6
7.2
6.2
-8.1
-7.7
1.8
3.8
1.2
2.2
1.0
2.2

-4.9 - 7.6
-5.0 - 7.4
-12.8 - 12.5
-12.4 - 11.8
-11.0 - 12.9
-10.2 - 12.8
-2.4 - 5.9
-1.6 - 5.9
-5.3 - 6.0
-5.0 - 6.8
-4.3 - 15.3
-0.8 - 8.5

1.6, 6.3
1.6, 6.1
-2.7, 6.9
-2.9, 6.5
-7.6, 2.8
-7.3, 2.5
0.6, 3.0
1.9, 4.4
-0.9, 3.1
-0.5, 3.8
-0.5, 4.8
1.1, 3.9

Mean ± 1.96*SD
(limits of agreement)
-4.4, 12.2
-4.1, 11.8
-15.0, 19.2
-14.8 , 18.4
-20.8 , 16.1
-19.8 , 14.9
-2.3 , 5.9
-1.2 , 7.5
-5.9 , 8.1
-6.1 , 9.3
-7.1 , 11.4
-2.5 , 7.4

Rho*: correlation coefficient according to Bravais-Pearson analyses; 95% CI: 95% confidence interval of the mean; cs: clinical software
(syngo Multimodality Workplace); rs: research software (PMOD).
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observed with the em method (for all phantom shapes)
while mt method showed smaller deviations (<5%).

All individual volume measurement data are shown
in tabels II-IV.

Table II. Individual volume data of the regular shaped phantoms
Actual phantom volume (mL)

Volume measurements with different methods and software types (mL)
em, rs

em, cs

mt, rs

mt, cs

48.90

52.52
52.39 (L)

52.54
52.22 (L)

51.74
49.82 (L)

51.77
49.12 (L)

82.14

79.56

79.99

82.15

83.23

95.56

93.61

91.22

98.56

97.45

122.55

123.93

127.11

125.34

124.01

146.00

153.38

152.61

150.94

150.85

169.12

180.49

182.02

175.62

175.83

193.96

204.11

205.53

197.06

193.86

216.08

228.92

229.31

227.63

219.89

238.23

226.20

226.67

234.39

232.50

266.45

282.59

282.73

278.13

278.63

294.09

314.40

311.52

307.57

296.30

317.79

335.63

332.27

330.91

325.21

344.88

366.79

366.54

359.44

352.62

366.34

389.06

389.96

388.07

363.43

391.20

411.98

414.12

392.93

394.65

Em: ellipsoid model; rs: research software (PMOD); cs: clinical software (syngo Multimodality Workplace); mt: manual tracing; L: linear
RSP6-16 probe (all other values are acquired with the convex RAB4-8 probe).

Table III. Individual volume data of the nodular shaped phantoms
Actual phantom volume (mL)

Volume measurements with different methods and software types (mL)
em, rs

em, cs

mt, rs

mt, cs

48.90

53.08
53.08 (L)

53.75
54.01 (L)

46.76
50.29 (L)

46.65
49.76 (L)

82.14

87.22

88.28

83.26

81.30

95.56

83.74

83.31

90.82

93.03

122.55

132.54

131.35

119.77

124.63

146.00

158.32

158.76

152.06

154.46

169.12

155.40

154.54

162.16

160.21

193.96

183.18

181.00

194.65

191.93

216.08

202.27

202.59

228.5

228.54

238.23

221.51

219.64

247.86

241.03

266.45

292.44

293.58

276.23

282.45

294.09

318.77

319.23

300.67

300.79

317.79

355.44

357.44

339.5

332.47

344.88

370.14

369.76

366.86

348.88

366.34

388.83

392.51

378.07

370.78

391.20

359.58

370.44

399.72

396.99

Em: ellipsoid model; rs: research software (PMOD); cs: clinical software (syngo Multimodality Workplace); mt: manual tracing; L: linear
RSP6-16 probe (all other values are acquired with the convex RAB4-8 probe).
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Table IV. Individual volume data of the thickened isthmus shaped phantoms
Actual phantom volume (mL)

Volume measurements with different methods and software types (mL)
em, rs

em, cs

mt, rs

mt, cs

48.90

53.89
52.81 (L)

55.22
53.33 (L)

47.05
49.66 (L)

48.49
48.27 (L)

82.14

74.73

73.72

81.85

81.52

95.56

88.22

87.70

95.66

93.89

122.55

111.64

112.56

124.66

127.49

146.00

164.67

163.49

158.34

168.30

169.12

155.07

155.45

171.06

177.58

193.96

174.18

172.64

198.31

198.15

216.08

198.43

198.33

226.47

218.18

238.23

215.89

212.57

249.3

251.98

266.45

289.12

289.99

275.08

279.70

294.09

273.33

273.16

291.84

281.49

317.79

296.24

295.40

325.6

320.93

344.88

316.02

316.17

357.61

354.20

366.34

398.96

402.48

382.01

370.17

391.20

418.95

422.37

399.98

390.91

Em: ellipsoid model; rs: research software (PMOD); cs: clinical software (syngo Multimodality Workplace); mt: manual tracing; L: linear
RSP6-16 probe (all other values are acquired with the convex RAB4-8 probe).

Discussions
Volumetric analyses of thyroid glands are routinely
performed in 2D-US technique. However, several 3D-US
approaches have been introduced in phantom and human
studies showing highly correlative results for volumetric analyses compared with 2D-US [12,17,19,26-28].
The possibility of post hoc evaluations in three different
dimensions likewise CT or MRI is favorable in 3D-US.
Furthermore, inter-observer assessments showed less
variable results in this regard [13-15,29]. However, a
remarkable limitation of 3D-US in comparison to clinically established sectional imaging applications such as
CT and MRI is the relatively limited FOV. This restricts
the interpretation of anatomical contexts and particularly
limits the measurement of large thyroid volumes. Therefore, several EFOV approaches have been investigated
[21,30-33]. One strategy, stitching of two or more separately acquired 3D-US datasets, has been published in
different fields, e.g. cardiology, anesthesiology, and orthopedics [34-37]. The first study assessing volumetric
analyses of 3D-US EFOV images of thyroid phantoms
has been recently introduced [22]. The results show that
stitching of separately obtained 3D-US datasets of differently sized and shaped, elaborately constructed phantoms
up to 400 mL acquired via sn US probes was possible and
volumetric analyses results were even more accurate than

other phantom studies without application of the stitching technique [12]. Both em and mt methods indicated
that 3D-US EFOV may be promising for thyroid volumetric analyses.
There are some advantages of ms US probes over the
previously published data for sn approaches. Firstly, ms
3D-US is more widely established in clinical fields, especially in prenatal diagnostics [23]. A fourth dimension,
continuous temporal resolution, can be applied allowing
the assessment of fetal movements [38]. Secondly, the
magnetic field necessary for sn investigations, is redundant with ms probes. Consequently, no disturbances of
the magnetic field generated by an external magnet can
occur and the additional sensor-clips attached to the US
probes are unnecessary. Thirdly, the ms probes investigated in the present study automatically generate a 3D
volume dataset by means of an incorporated motorized
array. The US probe position is fixed throughout the entire image acquisition and therefore the examinations
are less operator-dependent than sn data. Nevertheless,
patient and operator movements can affect the accuracy
even for mt US probes. A possible solution approach to
decrease the operator-dependency might be the detachment of the US probe to a steady holding arm.
The investigated L-probe was only suitable for 50
mL phantoms. Due to the absence of virtual convex imaging, the FOV was bilaterally restricted. Therefore, no
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data for phantoms >50 mL could be obtained. For the 50
mL phantoms (all shapes), an overestimation of approximately 10% was observed with the em method, while
the mt method accurately determined the actual volumes.
The C-probe was successfully applied to all phantoms, regardless of size or shape. The full extent of all
phantoms could be captured with one scan per lobe, even
for the 400 mL phantoms. In accordance to the previously published sn data, very high correlation coefficients of
measured and reference volumes could be achieved [22].
In general, the em method showed markedly higher deviations than the mt method, especially for the
non-regular shaped phantoms. In nodular or thickened
isthmus shaped phantoms the measurement failures
ubiquitously ranged between >-10% and >+10% which
may lead to relevant miscalculations, e.g. in the case
of activity determinations in preparation of radioiodine
therapies. Similar results have already been observed
with sn US probes [22]. Taking into account that volume
enlargements of the human thyroid gland are frequently
associated with deformations of the natural anatomy, the
em method should be critically scrutinized in these cases
and additional mt volumetric analyses should be considered. However, since the mt method is based on manually
drawn ROIs, which are highly subjective and dependent
on the user experience, it can hardly be used as a reference standard for statistical evaluations. The current
study confirms this limitation by the fact that deviations
of up to 15% have been observed.
In clinical practice, mt measurements of large thyroid
volumes are usually calculated on the basis of CT images, which is associated with additional radiation exposure
[39]. 3D-US EFOV acquired with ms US probes proved
to be an accurate alternative without contraindications or
side effects. In accordance to the sn data, the mt volumetric analyses of the ms US probes revealed deviations
< 10% (exclusive the above mentioned outlier) even for
non-regular shaped and large thyroid phantoms.
Nevertheless, the time expenditure for ms 3D-US
EFOV volumetric analyses is remarkable. The full workflow for the mt method took 33-40 minutes (em: 19-22
minutes). In contrast, the sn data were obtained within
23-31 minutes (em: 7-13 minutes). The increased time
required for ms data is caused by the need for several
data modifications. Therefore, an implementation into
the clinical practice is widely restricted in its current
form. For this purpose, improvements with regard to the
data processing need to be carried out by the manufacturers. Several approaches addressing automated segmentation by tissue echogenicity differences have been introduced, e.g. left atrial volumes in 3D echocardiography
[40]. Furthermore, the clinical relevance of the stitching

technique is yet to be determined, and clinical studies
are warranted. It remains unclear if appropriate anatomical landmarks, which are necessary for the creation of
a stitched EFOV dataset, can be determined in human
subjects. In previous clinical studies investigating fusion
imaging in human thyroid glands, the trachea, the hyoid
bone, cervical vertebral bodies, and calcified nodules (if
applicable), were described as suitable landmarks for the
alignment of CT and US images [41]. These constant anatomical structures might be suitable landmarks for the
presented stitching method as well.
Conclusions
3D-US EFOV stitching of two separate 3D-US datasets proved feasible and accurate for the investigated mechanically-swept convex RAB4-8 US probe. Precise volumetric analyses of even large thyroid phantoms (up to
400 mL) have been carried out. The results of the manual
tracing method were superior (but more time consuming)
compared to the ellipsoid model approach. The very high
correlation coefficients between measured and reference
volumes were similar to previously investigated sensornavigated US probes. Further improvements regarding
the data processing need to be achieved in order to reduce the time expenditure and make the approach suitable for the implementation into clinical fields. We did
not observe relevant differences between the investigated
clinical or research software types. The investigated mechanically-swept linear RSP6-16 probe was restricted to
50 mL phantoms and therefore appears to be inappropriate for the examination of large volume subjects.
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