December 14, 2006

Eur | Med Res (20006) 11: 527-533

EUROPEAN JOURNAL OF MEDICAL RESEARCH 527

© 1. Holzapfel Publishers 2006

DIFFERENTIATION BETWEEN MALIGNANT AND BENIGN SOLITARY
PULMONARY NODULES WITH PROTON DENSITY WEIGHTED AND
ECG-GATED MAGNETIC RESONANCE IMAGING

J. F. Schaefer!, J. Vollmar!, J. Wiskirchen!, B. Erdtmann!, D. v. Renteln!, R. Vonthein2, F. Schick3,
C. D. Claussen!, M. D. Seemann!4

IDepartment of Diagnostic Radiology Eberhard-Karls-University Tuebingen,
2Department of Medical Biometry Eberhard-Karls-University Tuebingen,
3Department of Diagnostic Radiology, Section of Experimental Radiology Eberhard-Karls-University Tuebingen,
4Department of Radiology and Nuclear Medicine, University of Magdeburg, Germany

Abstract

Objective: To estimate performance of MRI for differ-
entiating malignant from benign solitary pulmonary
nodules (SPN) using morphological characteristics.
Material and Methods: MRI in 46 patients with SPN
(mean diameter: 19mm) was carried out on 1.0 Tesla
scanner using ECG-gated, gradient echo sequence.
Morphological signs of SPN were determined and
compared with previously performed helical-CT,
where final diagnosis served as reference with 52%
frequency of malignancy. Furthermore, three ob-
servers evaluated all images.

Results: Significant differences between the two groups
were found for nodules shape, margin, inhomogeneity
and the vessel-sign in MRI, nodules shape, margin, the
vessel-sign, and presence of spicules in CT. Using
these signs, AUC were 0.746 for MRI and 0.765 for
CT. The mean sensitivity, specificity, and accuracy of
observers for MRI/CT were 89%/95%, 42%/41%,
66%/68%, respectively.

Conclusions: Despite discrepancies in morphologic ap-
pearance, no significant difference of accuracy be-
tween MRI and CT was determined. Further investiga-
tions are necessary to demonstrate the clinical use in
combination with functional parameters, establishing
MRI as a comprehensive diagnostic modality for SPN.
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INTRODUCTION

Although being a radiation free modality, MRI is not
the first choice imaging tool for detection as well as
classification of solitary pulmonary nodules (SPN).
Two methodical drawbacks predominate: Unfavour-
able artefacts through pulsation and breathing, and the
extremely short T2* relaxation time of normal lung
parenchyma (i.e. approximately 1 ms at 1.5 Tesla [1]).
Furthermore, the low proton density of lung tissue
and the signal dephasing due to pulmonary blood flow
hamper imaging |2, 3]. Long examination times, high
costs and limited availability have also to be consid-
ered.

On the other hand, new developments of MRI
technique with the possibility of whole body imaging
for screening and for staging malignant tumours, as
well as the fusion of morphological and functional
imaging, (i.e. PET/MRI as a new modality in the fu-
ture) motivate research in this field [4-6]. In the past,
most of MRI studies have investigated either the de-
tection rate of pulmonary nodules in comparison with
CT [7-10] or the characterisation of SPN using dynam-
ic contrast enhanced imaging. The latter approach
seems to be a promising technique which reveals a
higher accuracy than dynamic contrast CT in differen-
tiating malignant from benign lesions [11-13]. Howev-
etr, the combined evaluation of morphology and en-
hancement is crucial for efficacy in diagnostic imaging,
which has also been shown for SPN in the combined
evaluation of CT morphology and MRI enhance-
ment.[14].

The use of ECG-gated and breath-hold MR imag-
ing seems to be a promising technique for pulmonary
disorders [3, 10]. The aims of this retrospective study
were to evaluate the classical morphological character-
istics of malignant and benign SPN using an ECG-gat-
ed GE sequence, as well as to compare the diagnostic
accuracy with CT, when the reference standard is the
final diagnosis.

MATERIALS AND METHODS

Patients were selected for the presented study from
two departments of thoracic surgery if they met the
following criteria: (a) presence of a newly detected
SPN in CT which needed further evaluation, (b) ab-
sence of calcification and definite fat, (c) nodule size
of 5 to 40 mm, (d) absence of recent history of pneu-
monia or immune-deficiency, (¢) absence of con-
traindications for MRI (i.e. pacemaker), and (f) proba-
ble ability to cooperate with the procedure.

Forty six patients (10 female, 36 male, age range 26
to 77 years, mean age 61 years) with a SPN ranging in
size from 6 to 39 mm (mean 19 + 8 mm) were includ-
ed in the analysis after giving informed consent and
following study approval from the Institutional Com-
mittee in Medical Ethics. In 43 cases, a histological di-
agnosis was reached by resection or biopsy whereas in
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three patients, a follow-up by CT over a time period of
2 years was completed.

MR IMAGING

MR imaging was performed with a 1.0 Tesla MR-Scan-
ner (Magnetom Expert, Siemens, Erlangen, Germany)
using the phased array coil as receiver. The thorax was
examined from the apex to the base using a transverse,
breath hold, ECG gated, proton-density weighted 2D
gradient echo sequence (repetition time = 10 ms, echo
time = 6 ms, flip = 20°, bandwidth 400 Hz per pixel,
voxel size 1.3 mm - 1.3 mm - 6 mm). The GE sequence
applied segmented k-space sampling allowing to record
raw data for 5 slices in one breath-hold. Recording of
raw data for each single image in a set was performed
in a specific cardiac phase. This ECG-gated acquisition
technique provided lacking flow or cardiac motion re-
lated artifacts, even in regions close to the myocardial
walls. Care was taken to avoid gaps between the image
sets due to variable breathing levels, and overlapping of
the slabs was used. Although expiratory breath holds
are considered more reproducible, images were record-
ed in inspiration due to the better delineation of the
nodules against inflated lung parenchyma. Patients
were requested to hold the same respiratory level for
all breath holds. Five to seven breath holds were neces-
sary to cover the entire lung. If the acquisition time was
too long due to cardiac rate, the number of slices per
slab was reduced. The total examination time for this
procedure was approximately 7 to 10 minutes.

CT IMAGING

The CT examination was carried out in two clinics and
5 departments of radiology using single row helical CT
except in one case, where an incremental CT scan was
carried out. Tube current ranged from 110 to 250 mAs
with tube voltage of 120 to 140 KV. The referring de-
partments set slice thickness from 5 to 8 mm. Slice in-
crements between 12% and 20% were used. In 31 cas-
es, contrast media (CM) was administered. A standard
field of view (approximately 350 mm) was carried out
without focusing on lesion site. The CT examination
was digitally available in 26 cases. Laser films (14 x 17
inch, layout 4 x 5 images) in both lung and mediastinal
window were used in the remaining cases.

IMAGE EVALUATION OF SPN

The image analysis of MRI and CT was carried out on
a commercial viewing platform (Siemens Syngo,
Siemens, Erlangen, Germany). In order to reach con-
sensus, image interpretation was performed by two ra-
diologists (J.V. with 5 years and J.ES. with 10 years of
experience in chest radiology), firstly the MRI of all
cases and, secondly, the CT. For the MRI images, an
individual window and center was used optimizing the
contrast for internal and external lesion evaluation.
The CT images were displayed in standard lung (W
1500 HU, C — 500 HU) and mediastinal window (W
350 HU, C 50 HU).

For the evaluation of the pulmonary lesions the
shapes, the external and internal structures as well as
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the periphery of the nodules were assessed [15-20].
The shape was classified as round-ovoid or not, i.e.
lobular, notched or irregular. The margin was catego-
rized as either smooth or not, i.e. indistinct, irregular
or spiculated. The presence of spicules was evaluated.
The internal structures wete assessed by analysis of
homogeneity (homogeneous or inhomogeneous) and
the presence of cavitations. The petiphery of the nod-
ules was characterised by the presence of ground-glass
opacity, satellite nodules, bronchus sign and vessel
sign. Satellite nodules were defined as one or more
distinctly separate nodular area observed within a dis-
tance of 5 mm from the lesion. The bronchus sign was
defined as a visible bronchus leading to the nodule and
the vessel sign as a pulmonary vein leading to the nod-
ule. The visceral pleura was analysed for the presence
of thickening or retraction, as well as for the presence
of spicules connecting lesion and pleura.

ANALYSIS FOR DIFFERENTIATION BETWEEN
MALIGNANT AND BENIGN SPN

To investigate the diagnostic accuracy for both modal-
ities in differentiation between malignant and benign
SPN and the diagnostic confidence, three radiologists
subsequently evaluated the images. The degree of ex-
perience in diagnostic radiology varied (12 years, 9
years and 6 years). They had no contact to the study
and were blinded to all results. Firstly, the MRI exami-
nation was analyzed in two sessions with a time intet-
val of 4 weeks in order to reduce the recall bias.
Secondly, after 4 weeks, the CT images were scruti-
nized likewise in two sessions with a similar time in-
terval. For each case, the observers made a diagnosis
in every session using a five point score. The defini-
tion simulating a clinical setting was as follows: one
point was defined as benign, follow up in one year
or later. Two points was defined as probably benign,
follow up in less than one year. Three points was de-
fined as indeterminate, but possibly malignant, follow
up in shorter interval or invasive diagnostic. Four
points was defined as probably malignant and five
points as malignant. In both latter circumstances, a
histological confirmation would be necessary. The de-
finition was printed out on the evaluation form for
each case. Diagnostic level of confidence was defined
as low for three points, medium for two or four
points, and high for one or five points. To calculate
the diagnostic accuracy, the five point analysis was
summarized, where one and two points represented
benign SPN and three to five points represented ma-
lignant SPN.

STATISTICAL ANALYSIS

The statistical evaluation was carried out with version
4.0.4 of the program JMP (SAS Institute Inc., USA,
2001). The Generalized Fisher’s exact test was used
for analysis in the differences of morphologic signs
between benign and malignant SPN with descriptive
P-value less than 0.05. As some morphological signs
are strongly associated with each other, we also used
multivariate U-scores in order to compute ROC
curves. Signs present and absent in more than 3/46
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patients were incorporated here. Sensitivity, specificity
and accuracy were calculated from the results of the
reading sessions of the three radiologists. To compare
the diagnostic accuracy of both modalities, a sign-test
was used. The effects of modality (CT vs. MRI), ses-
sion number (one or two) and observers (1,2 and 3) on
sensitivity, specificity and diagnostic confidence were
estimated in multiple logistic regressions.

RESULTS

Frequency of malignant nodules in the cohort was
52% (24/46) of nodules (Table 1). Table 2 summatizes
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tween malignant and benign lesions was possible with
the following signs: round-ovoid shapes, smooth mar-
gins, inhomogeneities and vessel signs (all P values <
0.05). For CT, the best characteristics were round-
ovoid shape, smooth margin, and presence of spicules,
vessel sign and spicules with extension to pleura (all P
values < 0.05). Figures 1 to 4 demonstrate exemplary
the specific findings of MRI compared to CT. Areas

Table 3. Effect test P values of 3 logistic regressions from
sensitivity, specificity and subjective diagnostic confidence
on, reading session, reader and modality.

the results of the morphologic evaluation for both  parameter Sensitivity Specificity Confidence
methods. For MRI, a significant differentiation be-
Session 0.26 0.67 0.53

Table 1. Diagnosis and Number of SPNs. Reader 0.74 <0.01 0.01

. i Modality 0.10 0.66 <0.01
Diagnosis No. of Nodules
Al Nodules 46 (100%) Table 4. Results of readers sensitivity, specificity and accura-
Malignant 24 (52%) ¢y for MRI and helical CT.

Adenocarcinoma 8  (17%)

Squamous cell carcinoma 7 (15%) Sensitivity Specificity Accuracy

Small cell carcinoma 3 (7%)

Carcinoid 1 (20/0) MRI Reader 1 90 (22/24) 37 (8/22) 64 (29/46)

Metastases 50 (11%) MRI Reader 2 88 (21./24) 30 (7/22) 61 (28/46)
Benign 22 (480/0) MRI Reader 3 88 (21./24) 59 (13/22) 74 (34/46)

Hamartoma 12 (260/0) MRI Mean 89 (21 /24) 42 (9/22) 66 (30/46)

Observations (7%) CT Reader 1 92 (22./24) 34 (7/22) 64 (29/46)

Inflammatory lesion (11%) CT Reader 2 92 (22./24) 30 (7/22) 63 (29/46)

Inactive tuberculoma, CT Reader 3 96 (23./24) 59 (13/22) 78 (36/46)

Intrapulmonary lymph node 2 (4%) CT Mean 95 (23/24) 41(9/22) 68 (31/46)
Table 2. Results of morphological evaluation of 24 malignant and 22 benign SPN for helical CT and MRIL

Helical CT MRI
Benign Malign. P value Benign Malign. P value

External Characteristic
Shape

Round/ovoid 12 (54) 5(21) 0.03 11 (50) 2(8) 0.017
Margin

Smooth 18 (82) 3 (12.5) <0.0001 16 (73) 6 (25) 0.0027
Spicules

Present 4 (18) 19 (79) < 0.0001 4 (18) 11 (46) 0.063
Internal Characteristic

Inhomogeneity 5 (23) 11 (40) 0.13 10 (45) 20 (83) 0.012

Cavitation 1(5) 3 (13) 0.61 1(5) 14 1
Peripheral Characteristic

Ground-glass-opacity 4 (18) 11 (46) 0.063 0 (0) 2(8) 0.49

Bronchus sign 5(23) 12 (50) 0.072 1(5) 2(8) 1

Vessel sign 29 14 (58) 0.0006 0 (0) 6 (25) 0.022

Satellite nodules 1(5) 2 (8) 1 1(5) 1(5) 1

Spicules to the pleura 3 (14) 15 (63) 0.0009 29 6 (25) 0.25

Pleura thickening 3 (14) 9 (38) 0.096 1(5) 6 (25) 0.098

Note. Numbers in parentheses are percentages
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Fig. 1. Images of a 50 year old
man showing an example of a
round-ovoid nodule with smooth
margins of the left upper lobe.
Note the diameters are identical
(15 mm). Histological, a hamar-
toma was found. (a) CT, (b)
MRI.

Fig. 2. Images of a 59 year old
man revealing differences be-
tween MRI and CT for both di-
ameter and morphology. In CT,
irregularly shaped lesion of left
upper lobe (mean diameter 19.5
mm) with spicules extending to
the pleura and pleura retraction
is visible. Note positive finding
of vessel (arrowhead) and bron-
chus sign (arrow). In MRI, the
nodules appear smaller (mean
diameter 17.5 mm) and show no
spicules, but irregular margins.
Note the bronchus sign but not
the vessel sign is positive. Histo-
logical, an adenocarcinoma was

found. (a) CT, (b) MRL

Fig. 3. Images of a 47 year old
man revealing a similarity of ap-
pearance in both methods show-
ing spicules with extension to the
pleura and pleura thickening.
Note the adjacent bronchus (ar-
row) is not seen in MRI. The 35
mm mass was a squamous cell
carcinoma. (a) CT, (b) MRI.

Fig. 4. Images of a 62 year old
man revealing the vessel sign in
both modalities. Two veins drain-
ing the nodule in the left upper
lobe (8 mm in size) are noted by
arrowheads. Histological, an ade-
nocarcinoma was found. (a) CT,

(b) MR
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Fig. 5. ROC Analyses of diagnostic accuracy of MRI and CT us-
ing multivariate U-scores for signs present and absent in more
than 3/46 patients.

under ROC curves computed from multivariate U-
scores were 0.746 for MRI and 0.765 for CT (Fig. 5).

The session number shows no significant effect on
observer’s diagnostic accuracy (Table 3). Therefore,
the results are listed as mean results from both ses-
sions in Table 4. The sensitivity for MRI ranged from
88% to 90% and for CT from 92% to 96%. The speci-
ficity for both ranged from 30% to 59%. The mean
accuracy for MRI was 66% and for CT 68%.

The results of sensitivity were found independently
from modalities and observer. For specificity, a signifi-
cant effect of observer experience was present (P =
0.001). The odds ratio for observers 1, 2 and 3 against
the mean were 0.07, 0.23 and 65.68. The latter was
most experienced in diagnostic radiology.

No significant difference between CT and MRI was
found. For all nodules, the results differed in 60 of 276
(22%) pairs between the modalities (P = 0.44). From
these 60 discordant pairs, 27 (45%) were true for MRI
and 37 (55%) true for CT. For malignant nodules 11%
(17/144) and for benign nodules 33% (43/132) of
pairs were discordant (P = 0.09 and P = 0.88).

The diagnostic confidence was different for the
modalities (P < .01) (Table 3). The vote of all ob-
servers for an indeterminate nodule (score 3) was
higher in MRI with 33% than in CT with 27%. Fur-
thermore, the vote for a probable benign or malignant
lesion was more present in MRI (60%) compared with
CT (48%), whereas nomination of the highest confi-
dence (score 1 or 5) was more frequent for CT (25%
vs. 7%). Additionally, the influence of observer experi-
ence was found to be significant (P =0.01).

DiscussioN

The study aimed to evaluate the possibilities MRI in
morphologically characterization of SPN using classi-
cal sign. The results demonstrated that MRI allows a
differentiation between benign and malignant lesions
with a high sensitivity and a moderate specificity. No
relevant difference in comparison to conventional he-
lical CT was observed, when the accuracies of the in-
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dependent radiologist reading sessions were com-
pared.

With the use of CT, we observed a useful discrimi-
nation between malignant and benign nodules by a
round or ovoid shape, as well as a smooth margin
which concur with previous results [16-18, 20]. These
findings were not seen in a former HRCT study [19].
One possible cause may be the larger slice thickness
and the higher number of hamartomas in the benign
group in our study. Results agree in that the presence
of spicules and their extension to the pleura are crite-
ria for malignancy. Furthermore, we could confirm the
frequency of the vessel sign for malignant nodules. We
found the vessel sign in 58% (12 primary lung cancer
and 2 metastases), being similar to the corresponding
value of the investigations by a former HRCT study
(70%) [19]. Morti et al. found the vessel sign in 93% of
primary lung cancers [15]. Not statistically significant
but dominant in malignancy as in previous studies
were inhomogeneous nodules, cavitations, satellite
nodules, ground glass opacity adjacent to the nodule
and pleural thickening or retraction [19, 21, 22].

Some methodical limitations of the used CT tech-
niques have to be considered, as in our study no
HRCT was evaluated and no state of the art multi-row
CT was available. On the other hand, the recent litera-
ture has not shown a relevant advantage of these tech-
niques over standard helical CT for differentiation be-
tween benign and malignant SPN, when only morpho-
logic criteria in solid SPN were evaluated [23, 24]. Fur-
thermore, the single slice technique is, until now, still
widely used and is often the standard procedure in the
diagnostic work up of pulmonary nodules. The fre-
quency of malignancy of 52% in our study was lower
than or similar to that of former investigations [15, 19,
21, 22, 25] enhancing the results regarding specificity.

The choice of the field strength plays an important
role in lung imaging. As magnetic susceptibility is pro-
portional to B, a low field scanner would be especially
useful for lung imaging [26]. Unfortunately, signal in-
tensity is also proportional to field strength. For this
reason, the scanner used in this study with intermedi-
ate field strength of 1.0 Tesla may be a good compro-
mise. Nevertheless, the effect of magnetic susceptibly
seems to be directly responsible for differences be-
tween CT and MRI leading to signal loss on the edges
of the nodule. Therefore, particularly spicules and
pleural reaction were not delineated in the same man-
ner as in CT. Additionally, a low proton density of
spicules due to desmoplastic response of the lung tis-
sue has to be taken into account, which can also mimic
ground glass attenuation [27]. In spite of these diffi-
culties in MRI, a differentiation between smooth and
not smooth margins (i.e. indistinct or irregular) was
possible. Using those signs, which allow a significant
differentiation (p < 0.05) between malignant and be-
nign nodules in CT or MRI, comparable AUCs were
achieved.

No significant effect of image modality on observer
diagnostic accuracy was observed. Between MRI and
CT, the petcentage of discordance was 22% (60/276)
of all pairs, where 45% (27/60) MRI and 55% CT
(33/60) found the truth. Furthermore, the effect of

observer experience was not different between MRI
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and CT, showing no significant influence on results of
sensitivity, but, on specificity for both modalities. The
mean sensitivities of both modalities were comparable
to the investigation of Seemann et al.,, who found a
sensitivity of 91% [19]. The range of observer sensitiv-
ities was low (2 % for CT and 4% for MRI), whereas a
high range was found for specificity (29 % for both
methods). Only the experienced observer reached a
specificity of 59 %, which is similar to previously re-
ported results [19]. In a clinical setting, which we have
attempted to simulate by the definition of the score, a
high sensitivity with low inter observer range and low
specificity with a high range are no surprise, when only
morphologic signs are used to differentiate malignant
from benign SPN. Thus, a high percentage of surgical-
ly removed lesions are benign [28].

One reason for these promising results of MRI in
this study is the optimized signal gain using a proton
density weighted GE with a short echo time and a low
flip angle. However, due to the lower spatial resolution
of MRI compared to CT with pixel size of 1.3 mm, the
visualization of nodule characteristics was limited.
True (not interpolated) higher spatial resolution is dif-
ficult to achieve due to the disadvantages such as an
increase of acquisition time leading to motion artifacts
or decreasing the SNR. Another possible reason ex-
plaining the high accuracy of MRI in our results is the
use of ECG-triggering. We did not observe disturbing
pulsation artifacts, which are one of the evident diffi-
culties in lung imaging, particularly when the lesion is
located centrally. Thus, due to the relatively sharp de-
lineation of nodules and pulmonary veins (unlike trig-
ger delay), the vessel sign was seen in 6 of 14 positive
nodules in CT. The main disadvantages of our ap-
proach are the relatively long acquisition time and the
need for cooperative patients.

Although new possibilities such as parallel imaging
(PAT) (which was not available at the beginning of this
study) shortens the acquisition time, it cannot solve
the problems completely due to a decrease in signal in-
tensity particularly in the lung with its low proton den-
sity. Another more new approach using a 3D GE, the
so called VIB (volume interpolated breath hold) se-
quences, is promising in pulmonary imaging [29]. Al-
though, a higher spatial resolution could be achieved
using this sequence type by interpolation, pulsation ar-
tifacts cannot completely be reduced [29]. Other dif-
ferent MRI techniques have been used for visualiza-
tion of pulmonary nodules. However, fast spin echo
sequences (SE) or half-Fourier single-shot fast SE
(HASTE) are relatively insensitive to magnetic suscep-
tibility due to repetitive rephasing, but the first ap-
proach needs respiratory and cardiac triggering and
the latter shows image blurring due to a reduction of
resolution in phase encoding direction by the filtering
SI from tissue with short T2 relaxation time.

Our study has, however, some limitations: (a) al-
though the MRI data acquisition was prospective, the
morphologic analyses were performed retrospectively
(b) CT data were heterogeneous and only conventional
helical scanners were used, (c) a selection bias must be
considered due to the fact that departments of surgery
referred numerous hamartomas, (d) the evidence of
the results is limited by the relative small sample.
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The present study focused on the morphological
characteristics of SPN using an ECG gated gradient
echo sequence. Using these characteristics for the dif-
ferentiation between malignant and benign SPN, the
diagnostic performance of MRI was found compara-
ble to conventional helical CT. Further investigations
are necessary to demonstrate the clinical use of our re-
sults in combination with functional parameters (i.e.
contrast enhancement), establishing MRI as a compre-
hensive diagnostic modality for SPN.
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