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Abstract
Objective The purpose of the study was to compare the
ability of navigated 3D ultrasound to distinguish tumour
and normal brain tissue at the tumour border zone in
subsequent phases of resection.
Materials and methods Biopsies were sampled in the
tumour border zone as seen in the US images before and
during surgery. After resection, biopsies were sampled in
the resection cavity wall. Histopathology was compared
with the surgeon’s image findings.
Results Before resection, the tumour border was delineated
by ultrasound with high specificity and sensitivity (both
95%). During resection, ultrasound had acceptable sensi-

tivity (87%), but poor specificity (42%), due to biopsies
falsely classified as tumour by the surgeon. After resection,
sensitivity was poor (26%), due to tumour or infiltrated
tissue in several biopsies deemed normal by ultrasound, but
the specificity was acceptable (88%).
Conclusions Our study shows that although glioblastomas
are well delineated prior to resection, there seem to be
overestimation of tumour tissue during resection. After
resection tumour remnants and infiltrated brain tissue in the
resection cavity wall may be undetected. We believe that
the benefits of intraoperative ultrasound outweigh the
shortcomings, but users of intraoperative ultrasound should
keep the limitations shown in our study in mind.
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Background

In the surgical treatment of glioblastomas the goal is to
perform the most complete resection possible without
damaging normal tissue [2, 17]. Neuronavigation systems
have become part of the routine tools assisting the surgeon
in achieving this goal. Intraoperative imaging appears to be
necessary to maintain accuracy of neuronavigation during
subsequent stages of tumour resection [19, 25, 29]. To be of
value, intraoperative imaging modalities must reliably
discriminate between tumour and normal tissue in the
subsequent stages of surgery. At present, the alternatives for
intraoperative imaging in brain tumour surgery are MRI
and ultrasound [10, 11, 20, 24, 31]. Although recognized to
be useful for detecting residual tumour during resection
[9, 30, 35, 36], it is not known how intraoperative factors
affect the ability of ultrasound to delineate tumour. The aim
of the present study was to assess the ability of intra-
operative 3D ultrasound in neuronavigation to distinguish
tumour and normal brain tissue in the tumour border zone,
before, during and after resection.

Materials and methods

Patients and biopsies

Nineteen patients (four females and 15 males, average age
59, age range 45–83 years) with the final diagnosis of
glioblastoma were included in the present study. The
patients were included in the period 2003–2006. A total
of 301 biopsies were acquired, 186 biopsies were included
in this study. The study was approved by the Regional
Research Ethics Committee in medicine in Mid-Norway
and the patients signed an informed consent form before the
operation.

Neuronavigation equipment and intraoperative 3D
ultrasound imaging

A 3D ultrasound based image guidance system was used;
SonoWand®, equipped with a 5 MHz probe with tracking.
The biopsy forceps used in the study was equipped with
a tracking frame, which enabled image guided biopsies
(Fig. 1). This system is described in further detail in other
papers [8, 21, 37]. Preoperative MRI (T1 with contrast
enhancement, T2 and FLAIR) was imported in the neuro-
navigation system and used for planning and anatomical
orientation, but not during biopsy sampling. 3D ultrasound
data was acquired immediately before biopsy sampling in
each phase (Fig. 2). When a resection cavity had been
created, the cavity was filled with saline before 3D
ultrasound acquisition. The saline was removed afterwards.

Image-guided biopsy sampling and analysis

The biopsies were sampled in three different phases of
resection; (1) After opening the dura, immediately before
starting the resection. (2) After most resection had been
performed, but with some residual tumour left. (3) After
completed resection, having removed all detected/known
residual tumour (either detected visually or by use of
intraoperative ultrasound) except in eloquent areas. The
biopsy forceps was calibrated to the navigation system by
positioning the tip of the biopsy forceps at a reference point
on the patient reference frame (Fig. 1.) The position and
trajectory of the biopsy forceps was displayed on two
perpendicular image slices on the neuronavigation unit,
marking the biopsy site. The surgeon’s assumption on
whether the biopsy was sampled in tumour or normal tissue
based on the ultrasound image findings was noted at the
time of biopsy sampling. The surgeon classified the
biopsies as “tumour”, “tumour, uncertain”, “normal uncer-
tain” and “normal”. Images (snapshots) from the neuro-
navigation system taken at the time of biopsy sampling
were stored for further processing and analysis.

The biopsies were collected from the border-zone of the
tumour, not further from the assumed tumour border in the
US images (as judged by the surgeon) than 7 mm and not
closer than 2 mm. After completed resection however,
biopsies were only collected from the resection cavity wall.
Before and during resection, two to four biopsies were
collected in assumed solid tumour tissue, while one to three
biopsies were sampled from assumed normal brain tissue.
All biopsies included in the study were postoperatively
controlled to ensure that they were sampled in the 2–7 mm
distance from the tumour border as defined from the
navigation images. Biopsies outside the 2–7 mm area of
interest were excluded, and this was the most frequent
reason for exclusion of biopsies. In cases of doubt, the
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screenshots were analyzed with an edge-detection algo-
rithm (described elsewhere [38]). The shortest distance
between the tip of the biopsy forceps and the detected
border was then found. Biopsies where the pathologist

could not categorize the biopsy, for example, because of
too small or traumatized biopsies, were also excluded.

The majority of biopsies (176 of 186 included biopsies)
was fixed in buffered formalin and embedded in paraffin.

Fig. 1 Biopsy sampling
method. a The biopsy forceps is
calibrated to the navigation
system by positioning the tip of
the forceps in a known reference
point on the patient reference
frame, in the shape of a small
cone with a hole in the middle.
b Two perpendicular planes are
determined by the position and
trajectory of the biopsy forceps.
c The 3D ultrasound data
volume is sliced in the two
perpendicular planes, displayed
on screen (bottom). The tip of
the biopsy forceps is thus
indicated in the two image
planes, marking the site for
biopsy sampling
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Ten biopsies were prepared as frozen sections. The sections
were stained with hematoxylin and eosin. A senior
neuropathologist (SHT) examined the biopsies according
to the WHO classification [1]. All histopathological
analyses were performed without prior knowledge of the
image information. The biopsies were classified as “tumour”/
“infiltration zone”/“not tumour”. All but three of the patients
had a postoperative MRI within 48 h.

Statistical methods

To calculate specificity, sensitivity, PPV and NPV, the cells
in the original 3×4 result table from each phase (Table 2)
were combined to create a 2×2 table for each phase of the
operation: Biopsies deemed “normal” and “normal, uncer-
tain” by the surgeon were combined, and likewise biopsies
deemed “tumour” and “tumour, uncertain” were combined.

Fig. 2 Biopsy examples. a Screenshots from biopsy sampling before
resection. Left: Biopsy sampled from area interpreted as tumour,
confirmed by histopathology. Middle: Biopsy sampled from site
interpreted as normal, confirmed by histopathology. Right: Biopsy
sampled from site interpreted as normal, histopathology showed
infiltration. b Screenshots from biopsy sampling during resection. Left:
Biopsy sampled from site interpreted as tumour, confirmed by
histopathology. Middle: Biopsy sampled from site interpreted as

normal, confirmed by histopathology. Right: Biopsy sampled from site
interpreted as tumour, but the pathologist saw no certain tumour tissue.
c Screenshots from biopsy sampling after resection. Left: biopsy
sampled from site interpreted as “tumour, uncertain”, tumour con-
firmed by histopathology.Middle: Biopsy sampled from site interpreted
as normal, confirmed by histopathology. Right: Biopsy sampled from
site interpreted as normal, but histopathology showed tumour
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Furthermore, biopsies that the pathologist classified as
“infiltration zone” were combined with those classified as
“tumour”. The ROC curves were constructed by calculating
sensitivity and specificity for the three different possible
cut-off points for surgeon’s judgment, one ROC curve for
each phase of resection (Fig. 3).

Results

Of 301 total biopsies acquired, 186 were included in our
analyses. Table 1 shows the number of biopsies included/
excluded in each phase of surgery. The histopathological
diagnoses of the biopsies and the corresponding ultrasound
findings for each of the stages of resection are shown in
Table 2. The calculated values for specificity, sensitivity,
NPV and PPV are listed in Table 3. Before resection, both
sensitivity and specificity were 95%, while PPV and NPV
were 98% and 90%, respectively. During resection, sensi-
tivity was 88% but specificity had dropped to 42%. PPV
and NPV was 73% and 67% respectively. After resection,
sensitivity was 26% and specificity was 88%, while PPV
and NPV both were 62%. The ROC curve for ultrasound in
each stage of surgery is displayed in Fig. 3, and the area
under the curve (AUC) is stated in the figure legend.

Although comparison of ultrasound and MRI was not a
part of the study protocol, 16 of the 19 patients had early
postoperative MRI (within 72 h). In 13 of these 16 patients
the neurosurgeon also assessed the resection grade at the
end of resection using 3D ultrasound. Among these, ten
patients were considered either 90–95% or >95% resected.
Two of the10 patients had residual tumour on early
postoperative MRI; one patient considered 90–95%
resected and another considered >95% resected. The other
eight patients had no residual tumour found on early
postoperative MRI. In the remaining three patients (of the
13 with both early postoperative MRI and resection grade
assessment), residual tumour was intentionally left behind
because of unacceptable risk of neurological damage. Two
of them had residual tumour on postoperative MRI, while
one was considered to possibly have residual tumour.

Sixteen of the 19 patients had a good outcome with no
new neurological deficits.

Two of the patients had a fair outcome with mild new
neurological deficits, and one patient had a poor outcome,

Fig. 3 ROC curves. ROC curves for the ability of ultrasound to
distinguish tumour from normal tissue. a ROC curve before resection,
showing high accuracy (AUC=0.94). b ROC curve during resection.
Compared to the ROC curve before resection the accuracy of
ultrasound is decreased. (AUC=0.69). c ROC curve after resection.
Compared to the ROC curve before and during resection, the accuracy
is further decreased (AUC=0.65)

b
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with hemiparesis and aphasia. None of the patients had
complications related to the procedure.

Discussion

General considerations

Delineation of gliomas poses a challenge to any imaging
modality, as tumour cells infiltrate the normal brain tissue
beyond the solid tumour border. In this sense, definition of a
specific tumour border is impossible. For practical purposes,
however, to delineate a glioblastoma usually means to
outline the solid part of a tumour, of which removal is the
goal of surgical resection.

Several authors have evaluated different diagnostic
imaging modalities for delineation of gliomas, comparing
image findings with histopathology [3, 5–7, 13, 16, 22, 23,
28, 32]. Also infiltrated brain tissue may be detected by new
imaging techniques [28, 32]. In neuronavigation, intraoper-
ative imaging is now increasingly recognized as important to
amend for inaccuracy due to brain shift, and facilitate
detection of residual tumour. Ultrasound and MRI are the
commonly used modalities in this regard [12, 15, 26, 27, 36,
39]. However, it is not entirely known to what degree
intraoperative factors affect intraoperative imaging, and the
studies comparing image findings with histopathology in the

intraoperative setting are scarce. Reporting on intraoperative
MRI, Sutherland [34], found that intraoperatively, the
contrast-enhancing margin advanced beyond the preopera-
tively defined contrast limits, and that biopsy samples from
this zone contained tumour tissue. Knauth [14] argue that
surgically induced contrast enhancement may be misinter-
preted as residual tumour in intraoperative MRI, but only in
one case was this confirmed with a biopsy, obtained in a
contrast-enhancing area which proved to contain normal
tissue. Surgically induced contrast enhancement in intra-
operative MRI at the resection border, mimicking residual
tumour, is also mentioned by other authors [26, 33, 39]. In
ultrasound, reverberations, refraction of the ultrasound beam,
artefacts due to slice thickness among others, may all cause
imaging artefacts which may be misleading. During tumour
resection, air bubbles, debris, blood, and the rough surface of
the tumour cavity wall probably increase the occurrence of
imaging artefacts in ultrasound. In addition other, unknown
factors may affect the ultrasound images during the course of
a tumour resection. Comparing ultrasound findings after
(completed) resection, Chacko [4] found that biopsies taken
from the tumour margins agreed with ultrasound image
findings in the majority of samples, however, there were
instances (16%) when the ultrasound reported tumour while
the biopsies were negative. LeRoux et al. [18] used
intraoperative ultrasound to facilitate gross total resection
of brain tumours and obtained biopsies from the resection

Table 1 Biopsies

The table shows the number of
biopsies sampled in each phase
of the resection, and the number
of biopsies excluded and includ-
ed. In the lower part of the table
the average number of biopsies in
each patient is shown.

Parameter Included Excluded Total

Total number of biopsies for patients
included in study

Before resection 61 56 117
During resection 52 47 99
After resection 73 12 85

Average number of biopsies per patient Before 3.2 2.9 NA
During 2.7 2.5 NA
After 3.8 0.6 NA

Total number of biopsies (overall) 301

Table 2 Image finding/
histopathology of biopsies
according to resection phase

The table shows the interpreta-
tion of the ultrasound image in
columns and the histopatho-
logical diagnosis in rows, for
each of the three subsequent
phases of resection.

Resection phase Histopathological
diagnosis

Interpretation of ultrasound image

“Normal” “Normal,
uncertain”

“Tumour,
uncertain”

“Tumour”

Before resection Tumour 0 0 0 32
Infiltration 2 0 2 6
Normal 16 2 0 1

During resection Tumour 1 0 0 22
Infiltration 2 1 1 6
Normal 6 2 2 9

After resection Tumour 4 4 7 0
Infiltration 5 10 1 0
Normal 23 14 5 0

1038 O.M. Rygh et al.



cavity wall after completed resection. They found that
among 15 tumours not invading eloquent cortex and thus
feasible for total resection, 11 cases (73%) had margins
without solid tumour involvement although scattered tumour
cells were found. Woydt et al. [40] published a study in
1996, to evaluate ultrasound findings after completed
microsurgical resection of gliomas. Biopsies were obtained
in (1) hyperechoic areas adjacent to the resection cavity and
(2) the hyperechoic rim of the resection cavity. In group 1
(hyperechoic areas adjacent to resection cavity), high-grade
glioma cases showed that 90% of biopsies contained tumour
tissue, and the rest contained infiltrated tissue. For low-grade
glioma cases 85% of biopsies in this group contained tumour
tissue, the rest contained infiltrated tissue. Biopsies obtained
at the hyperechoic rim (group 2) were heterogeneous, 26%
revealed solid tumour tissue, 35% infiltration zone and 39%
brain tissue (high-grade and low-grade gliomas combined).
Our research group published a study in 2005 [38],
comparing ultrasound findings with histopathology by
obtaining tissue samples obtained in the tumour border zone
before starting the resection. The ultrasound findings were in
agreement with the histopathology in 77% of biopsies from
glioblastoma cases and 83% and 74% for anaplastic
astrocytomas and low-grade astrocytomas, respectively.

In the present paper we report on our results evaluating the
ability of intraoperative ultrasound for delineation of gliobas-
tomas before, during and after resection by comparing image
findings from image guided biopsies with histopathology.

Discussion of findings

The conditions for ultrasound imaging before resection are
probably close to optimal, and imaging artefacts should be
at a minimum level. Before resection, sensitivity was 95%
and specificity also was 95%. The PPV and NPV were 98%

and 90%, respectively. This result shows that the ultrasound
was highly accurate in delineating glioblastomas prior to
resection. The sensitivity and specificity is slightly improved
compared to our own study from 2005 [38]. This may be
because of increased experience with ultrasound. The result
also demonstrates that the sensitivity and specificity of
ultrasound for predicting tumour/normal tissue, although
operator dependent, is in the range of other, state of the art
imaging techniques [16, 23, 28]. Thus, the sensitivity and
specificity of ultrasound diagnosis in this phase serve as a
baseline for comparison with subsequent phases.

During resection, a partial resection had been performed,
with a resection cavity and some residual tumour left. The
resection cavity wall, having a rough surface, as well as
debris, small air bubbles, and blood all contribute to
ultrasound imaging artefacts. The values of sensitivity and
PPV were 87% and 73%; the specificity and NPV were 42%
and 67%. The striking finding is a considerable decrease in
specificity. This may be explained by a considerable amount
of false positive biopsies; in nine biopsies, which contained
normal tissue (as diagnosed by the pathologist), the
diagnosis on ultrasound was “tumour”, and two were
classified as “tumour, uncertain”. Several factors may
explain the high false positive rate, both imaging artefacts
and inherent error sources in the method of the study
(discussed below). These numbers show that there may be
some overestimation of tumour in this phase of surgery, but
on the other hand, chances of overlooking areas with
residual tumour tissue seem to be low (still high sensitivity).

After resection, leaving a cavity with the solid part of the
tumour removed, biopsies were sampled in the resection
cavity wall only. The same sources of imaging artefacts as
discussed above also apply to this phase. The calculated
values of sensitivity and PPV were 26% and 62%, while the
values of specificity and NPV were 88% and 62%,
respectively. The specificity was acceptable; reflecting that
normal tissue in the majority of cases was correctly
classified on ultrasound, important for patient safety. A
sensitivity of 26% is discouraging, but calls for further
considerations. First, the number of biopsies deemed
“tumour” and “tumour, uncertain” were low in this stage
of resection for obvious reasons. Also noteworthy is the
high number of biopsies deemed “normal” and “normal,
uncertain”, which contained either tumour tissue (four
deemed “normal” and another four considered “normal,
uncertain”) or tumour-infiltrated tissue (five deemed “nor-
mal” and ten deemed “normal, uncertain”). We are not
surprised to find infiltrated brain tissue and small tumour
remnants in the resection cavity wall, due to the infiltrating
nature of glioblastomas. In their paper from 1996, Woydt et
al. [40] reported that biopsies obtained from the “hyper-
echoic rim” of a resection cavity contained solid tumour
(26%), infiltration zone (35%) and brain tissue (39%). For

Table 3 Sensitivity, specificity, PPV and NPV of ultrasound for
distinguishing tumour from normal tissue according to resection phase

Stage of surgery Values

Before resection Sensitivity 0.95
Specificity 0.95
PPV 0.98
NPV 0.90

During resection Sensitivity 0.88
Specificity 0.42
PPV 0.73
NPV 0.67

After resection Sensitivity 0.26
Specificity 0.88
PPV 0.62
NPV 0.62

The sensitivity, specificity, PPV and NPV of ultrasound in each of the
subsequent resection phases is shown.
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comparison, biopsies taken from the resection cavity
(regardless of image finding) wall after resection in this
study have a similar, although slightly more favourable
distribution; solid tumour 21%; infiltration zone 22% and
normal tissue 58%. Comparison of 3D ultrasound findings
at the end of resection and early postoperative MRI was not
a part of the study. Still, the fact that two of ten patients
considered either >95% or 90–95% resected had residual
tumour on early postoperative MRI may likewise reflect
difficulties in interpreting 3D ultrasound after resection, or
limitations of the 3D ultrasound itself.

In summary, the diagnostic accuracy of ultrasound for
delineating glioblastomas was lower in the subsequent
phases of surgery than before resection. During surgery
there seemed to be some overestimation of tumour, but
residual tumour was rarely missed. After resection, small
tumour remnants and infiltrated tissue appeared as normal
tissue on ultrasound, lowering the sensitivity. Still in most
cases biopsies containing normal tissue were correctly
classified with ultrasound.

Limitations of the study

Important limitations of the study method must be
recognized due to the fact that the 3D ultrasound technique
used in this study still is not real time; the biopsy sampling
in itself, although performed as gently as possible, may
cause some motion of tissue. Furthermore, in some cases
that the walls of the resection cavity seemed to collapse a
little inwardly when removing the saline after 3D ultra-
sound image acquisition to what degree these effects have
affected the results in this study is not known.

Small and traumatized biopsy specimens in some cases
prevented optimal histological examination. The surgeon
did not have the opportunity to classify tissue as infiltrated
brain tissue, while the pathologist did: Whether this
introduces a bias is unknown.

The diagnostic accuracy of ultrasound is user dependent.
The majority of biopsies were assessed by a surgeon with long
experience using 3D ultrasound (GU), and the rest of the
biopsies were assessed by a surgeon with shorter, but
significant experience using ultrasound. Interobserver vari-
ability analysis on the interpretation of 3D ultrasound images
was not done, and this is an important limitation of the current
study. In our view, interpreting 3D ultrasound is dependent on
interactive navigation, and using 2D snapshots postoperatively
may not be sufficient for analysis of interobserver variability.
We were not able to record biopsy positions in the 3D
ultrasound dataset for postoperative review and analysis.

Systematic comparison of 3D ultrasound at the end of
the resection and postoperative MRI was not done as it was
not part of the study protocol.

Ethical aspects

The ethical aspects of intentional sampling of biopsies in
the outer border of the tumour, as seen in the US images,
were given consideration. Biopsies from outside of the US
indicated border were never sampled in eloquent areas.

We did not see any complications that could be related to
the biopsy sampling procedure.

Conclusions

Our study shows that while ultrasound is highly accurate in
delineating glioblastomas before resection it appears less
accurate during and after resection. During resection there
seem to be some overestimation of tumour, while small
tumour remnants and infiltrated tissue in the cavity wall is
underestimated after resection. Due to inherent error
sources in the study design, the results must be interpreted
with caution. Intraoperative 3D ultrasound still seems a
reasonably reliable modality for guidance of the resection
of glioblastomas as the sensitivity during resection and the
specificity after completed resection are acceptable.
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Comment

There are only few papers analyzing the validity of intraoperative
ultrasound findings. One possibility is to correlate the intraoperative
ultrasound images with early postoperative MR images to see whether
there are any discrepancies in the evaluation of tumour resection. This
does not account for that a tumour margin in MR images does not
exactly reflect the biological tumour margin, which actually does not
exist. Morten et al. correlated histopathology findings with intra-
operative ultrasound to analyze whether intraoperative ultrasound is
able to distinguish tumour and normal brain. Navigated tissue samples
were taken at various stages of surgery at the tumour border. This
study clearly shows that intraoperative ultrasound is a reliable tool to
evaluate the extent of a tumour at the beginning of surgery. However,

after resection of major tumour parts sensitivity dramatically
decreased, surgically induced changes at the tumour border led to
false image interpretation, reducing the value of intraoperative
ultrasound being used for resection control. To which extent this
effect also depends on the ultrasound technology is an open question.
Ultrasound imaging has undergone impressive improvements in the
last years, so that these shortcomings might be solved in the near
future. The authors are to be encouraged to continue their innovative
work; the combination of intraoperative ultrasound with histology
compared with early postoperative MR images will result in further
information on the validity of intraoperative ultrasound.

Christopher Nimsky
Erlangen, Germany
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