
Vol.:(0123456789)

Child's Nervous System (2024) 40:2697–2705 
https://doi.org/10.1007/s00381-024-06492-8

RESEARCH

Navigated intraoperative ultrasound in pediatric brain tumors

Kevin Klein Gunnewiek1,2 · Kirsten M. van Baarsen1 · Evie H. M. Graus1 · Wyger M. Brink2 · Maarten H. Lequin1 · 
Eelco W. Hoving1

Received: 11 April 2024 / Accepted: 1 June 2024 / Published online: 11 June 2024 
© The Author(s) 2024

Abstract
Purpose The aim of this study was to evaluate the diagnostic value and accuracy of navigated intraoperative ultrasound (iUS) 
in pediatric oncological neurosurgery as compared to intraoperative magnetic resonance imaging (iMRI).
Methods A total of 24 pediatric patients undergoing tumor debulking surgery with iUS, iMRI, and neuronavigation were 
included in this study. Prospective acquisition of iUS images was done at two time points during the surgical procedure: (1) 
before resection for tumor visualization and (2) after resection for residual tumor assessment. Dice similarity coefficients 
(DSC), Hausdorff distances 95th percentiles (HD95) and volume differences, sensitivity, and specificity were calculated for 
iUS segmentations as compared to iMRI.
Results A high correlation (R = 0.99) was found for volume estimation as measured on iUS and iMRI before resection. A 
good spatial accuracy was demonstrated with a median DSC of 0.72 (IQR 0.14) and a median HD95 percentile of 4.98 mm 
(IQR 2.22 mm). The assessment after resection demonstrated a sensitivity of 100% and a specificity of 84.6% for residual 
tumor detection with navigated iUS. A moderate accuracy was observed with a median DSC of 0.58 (IQR 0.27) and a median 
HD95 of 5.84 mm (IQR 4.04 mm) for residual tumor volumes.
Conclusion We found that iUS measurements of tumor volume before resection correlate well with those obtained from 
preoperative MRI. The accuracy of residual tumor detection was reliable as compared to iMRI, indicating the suitability 
of iUS for directing the surgeon’s attention to areas suspect for residual tumor. Therefore, iUS is considered as a valuable 
addition to the neurosurgical armamentarium.
Trial registration number and date PMCLAB2023.476, February 12th 2024.
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Introduction

Pediatric central nervous system tumors are known for hav-
ing a poor prognosis and are the most common cause of 
death among all types of childhood cancers [1]. Surgical 
resection or debulking forms the first step in the treatment 
of most brain tumor types [2–4]. Typical surgical goals 
include cytoreduction, collection of tumor tissue for pathol-
ogy assessment, or tumor mass debulking. An increase in 
the extent of resection (EoR) is associated with prolonged 

survival in both the adult and pediatric patient population 
[5–8]. Therefore, surgeons strive for the highest EoR without 
inducing major neurological deficits. Anatomical deforma-
tions and reliable identification of tumor-tissue boundaries 
during the procedure complicate this trade-off.

Intraoperative MRI (iMRI) and intraoperative ultrasound 
(iUS) are often used to evaluate the EoR during surgery. 
Both techniques enable intraoperative visualization of the 
tumor to assess whether the surgical goal is reached and to 
update the neuronavigation with new data. Performing iMRI 
is known to burden the surgical workflow as a time- and 
resource-intensive modality, both due to acquisition time as 
well as due to the required patient preparation and logistics 
involved. On the other hand, iUS does not provide a syn-
optic view of the brain and image quality is often inferior 
to MRI, hampering clinical interpretation. This is partially 
due to the more central location of pediatric tumors, which 

 * Kevin Klein Gunnewiek 
 k.kleingunnewiek@prinsesmaximacentrum.nl

1 Department of Neuro-Oncology, Princess Máxima Center 
for Pediatric Oncology, Utrecht, The Netherlands

2 Magnetic Detection and Imaging Group, TechMed Centre, 
University of Twente, Enschede, The Netherlands

http://crossmark.crossref.org/dialog/?doi=10.1007/s00381-024-06492-8&domain=pdf


2698 Child's Nervous System (2024) 40:2697–2705

compromises the spatial resolution and image quality due 
to signal attenuation, as well as drainage of cerebrospinal 
fluid leading to inconsistencies in tissue-transducer contact 
and image artifacts.

The role of iUS has been described previously in pediatric 
neurosurgery literature, however without the use of neuro-
navigation and iMRI [9, 10]. The hypothesis is that integra-
tion of iUS with neuronavigation based on preoperative MRI 
can improve interpretability of iUS during surgery [11]. 
However, iUS remains prone to artifacts and iMRI is there-
fore still regarded as the gold standard in detecting residual 
tumor during surgery [12]. In literature, most studies focused 
on the value of either one of the two modalities. Only two 
recent studies report on the added value of integrating neu-
ronavigation with iUS and iMRI [13, 14].

The aim of this study is therefore to evaluate the diag-
nostic value and accuracy of iUS in pediatric oncological 
neurosurgery with the ultimate goal to improve the EoR 
with a minimal burden on the surgical workflow. This study 
compares navigated iUS to preoperative MRI in terms of 
tumor visualization before resection and to iMRI in terms 
of residual tumor visualization.

Methods

Patient population and inclusion criteria

Pediatric patients undergoing an image guided neurosurgical 
tumor resection procedure involving iUS, iMRI, and neuro-
navigation between March 23 and December 28, 2023, at the 
Princess Máxima Center for Pediatric Oncology, Utrecht, the 
Netherlands, were eligible for inclusion. Exclusion criteria 
were (1) no neuronavigation, iUS, or iMRI available or (2) 
severe artifacts not allowing image interpretation. The study 
was approved by our Biobank and Data Access Committee 
under number PMCLAB2023.476.

Data acquisition

In this study, iUS images are acquired at two time points 
during the surgical procedure. The two times points were 
based on the acquisition protocol proposed in a study by 
Bastos et al. [13]. When both iMRI and iUS were clinically 
indicated, the acquisition protocol was used. The first iUS 
acquisition was performed just before opening of the dura; 
this acquisition is called iUS1. Optional intermediate iUS 
acquisitions were performed upon request of the surgeon to 
monitor the resection progress, but these were not further 
evaluated in this study. The final iUS acquisition was per-
formed just before iMRI scanning; this acquisition is called 
iUS2.

Intraoperative ultrasound

The intraoperative ultrasound acquisitions were performed 
according to a predefined standardized protocol with a 2D 
neuro-cranial curvilinear transducer (N13C5, BK5000, 
BK Medical, Denmark), which has a frequency range of 
13–5 MHz and a surface area of 29 × 10 mm. The initial 
parameters for iUS acquisition were set to a frequency of 
10 MHz and a sector width of 140%. Besides, auto-gain 
was enabled. An initial estimation of the acquisition depth 
was based on a depth measurement in the pre-surgical 
planning software (Brainlab, Munich, Germany), which 
typically resulted in an acquisition depth between 7 and 
11 cm. The sterile reference array is mounted to the ultra-
sound transducer and is tracked by the Brainlab Buzz Nav-
igation system (Brainlab, Munich, Germany). Before crea-
tion of a 3D volume, an initial exploration of the tumor in 
“live mode” was done. This allowed for fine-tuning of the 
initial acquisition parameters. The acquisition frequency 
was adjusted when the contrast of deeper structures was 
not satisfactory, by decreasing the frequency to 8 MHz. 
The set-up for iUS acquisition is shown in Fig. 1.

Integration of iUS with neuronavigation allows for 3D 
volume reconstruction of consecutive 2D B-mode iUS 
images in the navigated iUS module (Brainlab, Munich, 
Germany). For neuronavigation initialization, patient-to-
image registration was either based on iMRI or surface 
matching depending on the clinical indication. The resolu-
tion of the 2D images was 0.24 × 0.24 mm in-plane. The 
3D volume was automatically reconstructed from consecu-
tive 2D images with a slice thickness of 1 mm. Depending 
on the number of acquired 2D images, volume reconstruc-
tion took up to 1 min. The 3D volume reconstruction cap-
tured the entire tumor volume. After the first iUS acquisi-
tion, the initial scanning parameters were kept identical 
for additional scans. Only the frequency was decreased, if 
necessary. During each iUS acquisition, at least two vol-
umes were acquired, each in a different orthogonal imag-
ing plane.

Intraoperative MRI

Two different MRI acquisitions were defined for compari-
son with the iUS volumes: one before and one during tumor 
resection. Each patient was scanned at least 1 day before 
surgery. Although interhospital differences were present in 
preoperative imaging protocols, the protocols always con-
tained T1-weighted imaging with and without gadolinium 
administration as well as T2-weighted imaging. In the intra-
operative setting, patients were scanned with a 3 T 70 cm 
bore MRI scanner (Ingenia Elition X, Philips Healthcare, 
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Best, the Netherlands). The intraoperative T1-weighted 
contrast enhanced images were acquired with a 3D 
MPRAGE sequence using a TI/TR/TE = 681/6.5/3.0 ms, 
a flip angle of 6°, and acquired isotropic resolution 
of 1.25  mm. The intraoperative T2-weighted images 
were acquired with a 3D TSE sequence using a TR/
TE = 3000/280 ms, a refocusing control angle of 40°, and 
acquired isotropic resolution of 1 mm.

Clinical assessment of residual tumor

After acquisition of the iUS2 volume (just before the iMRI 
acquisition), the surgeon assessed the iUS image for the 
presence of residual tumor. If the iUS images were incon-
clusive, a neuroradiologist was consulted for assessment. 
The presence of residual tumor on iMRI was then evaluated 
by the surgeon in consultation with the neuroradiologist. 
Based on this interpretation, the surgeon decided whether 
continuation of tumor resection was necessary and safe.

Creating segmentations and quantitative analysis

A quantitative data-analysis was performed on both the iUS1 
and iUS2 volumes to evaluate the structural and positional 
similarity. An overview of the analysis pipeline is shown 
in Fig. 2.

First, out of the two iUS acquisitions, the volume with 
highest image quality was selected per patient. When arti-
facts or incomplete acquisitions impeded tumor visualiza-
tion in both orthogonal images, the acquisition was excluded 
from further analysis. Segmentation of solid tumor compo-
nents was segmented with the use of a semi-automatic seg-
mentation tool (Smart Brush, Brainlab, Munich, Germany). 

Large solitary cystic components (> 2  cm3) were excluded 
from the segmentation.

MRI segmentations are based on T1-weighted gadolinium 
enhanced images, which are clinically used to plan (addi-
tional) tumor resection. To verify the segmentation of non-
enhancing tumor regions, T2-weighted imaging was used 
as a control. The tumor volumes were segmented in the iUS 
volumes first, to minimize information bias. Images and seg-
mentations from both modalities were exported to DICOM 
(Digital Imaging and Communications in Medicine) image 
format for further analysis.

Data analysis was executed using a custom processing 
pipeline implemented in Python (version 3.7) for quantita-
tive analysis of the segmentations. Transformation matrices 
were retrieved from the exported DICOM data and applied 
to the source images and corresponding segmentations for 
quantitative comparison between iUS and MRI.

The Dice similarity coefficient (DSC), Hausdorff distance 
(HD), and absolute volume difference were evaluated to 
quantify the spatial accuracy of iUS in detecting and char-
acterizing tumor tissue. The DSC provides an indication of 
the degree of overlap, combining volumetric and positional 
information (see Eq. 1). The degree of overlap is inherent to 
the quality of the segmentation, since the volume and mor-
phology are affected. Besides, the quality of the registration 
for neuronavigation is important for optimal positioning of 
the navigated iUS on the MRI, therefore also affecting the 
DSC. A DSC ranging between 0.7 and 0.9 is considered as a 
good similarity of the volumes between the both modalities.

As the DSC is sensitive for small volumes, Hausdorff dis-
tances and volume errors were also evaluated. The Hausdorff 

(1)DSC =
2|iUS ∩ iMRI|

|iUS| + |iMRI|

Fig. 1  Navigated intraoperative acquisition set-up. Left image: set-
up during iUS acquisition. Reference array (r) and transducer (t) 
are both optically tracked by stereotactic camera (c). The live ultra-
sound image is shown on the ultrasound machine (m) and the navi-

gated image is overlaid on MRI (n). Right image: N13C5 transducer 
(BK5000, BK Medical, Denmark) (t), draped in a sterile cover with 
the sterile array (a) for optical navigation is attached (Brainlab, 
Munich, Germany)
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distance describes the Euclidean distance between every 
individual point in one volume to the closest point in the 
other volume. The maximum Hausdorff distance is prone to 
outliers; therefore, the 95th percentile is calculated (HD95). 
An HD95 smaller than 10 mm was considered as clinically 
relevant, approaching the surgical margins as described in 
literature and by surgical experience [15, 16]. The abso-
lute volume difference is defined as the absolute difference 
between the iUS and iMRI volume.

Based on previous studies [9, 10, 13, 14, 17–22], we 
defined that iUS has a good diagnostic value in detecting 
residual tumor if a sensitivity and specificity of more than 
80% was achieved.

Results

Between March 23 and December 28, 2023, 24 patients 
were included. The mean age was 7.6 years (± SD 3.9), 
with the most occurring tumor type being pilocytic astro-
cytoma (n = 9). Further patient characteristics are provided 
in Table 1.

The inclusion flowchart is shown in Fig. 3. Two patients 
were excluded from intraoperative image analysis due to 
image artifacts and unavailability of iUS. Thirteen patients 
showed no residual tumor on iMRI and were therefore not 
included for further quantitative analysis. A total of seven 

patients were included for quantitative analysis of intraop-
erative imaging.

Median tumor volumes were 20.3  cm3 (IQR 29.9  cm3) 
as measured on T1-weighted contrast enhanced MRI. The 
iMRI-based patient-to-image registration was the most used 
method (n = 13).

Residual tumor was detected on iUS2 images in 12 
patients. In 10 of these cases, residual tumor was also seen 
on iMRI, which yielded a sensitivity of 100% and a specific-
ity of 84.6%. From these 10 cases, one case was excluded 
from further quantitative analysis due to poor image quality. 
A mean extent of resection (EoR) of 74.7% was determined 
for the other 9 cases.

Tumor characterization: iUS1

Tumor segmentations were created in both the iUS1 and 
preoperative T1-weighted contrast enhanced MRI data in 24 
patients. Example segmentations are shown in Fig. 4A–C. 
Quantitative analysis of the spatial correspondence yielded 
a median DSC of 0.72 (IQR 0.14) and a median HD95 of 
4.98 mm (IQR 2.22 mm). The measured volumes ranged 
from 0.35 to 107.0  cm3. A high correlation was found 
between the tumor volume measurements of iUS1 segmen-
tations when compared to those derived from preoperative 
MRI (R = 0.99), as shown in Fig. 5A. A median volume dif-
ference of 0.16  cm3 (IQR 1.89  cm3) was found, which shows 
neither a trend towards over- or underestimation of the 

Fig. 2  Workflow of data processing and analysis is divided into (1) 
creation of transformation matrices, multiplying matrices to obtain 
one transformation to the destination image; (2) rigid image trans-

formation, applying the transformation matrix; and (3) calculation 
of quantitative metrics, i.e., volume difference, Dice similarity coef-
ficient (DSC), and Hausdorff distance 95th percentile (HD95)
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volume on iUS1 as compared to the preoperative MRI. The 
median absolute volume difference was 1.40  cm3 (IQR 2.54 
 cm3), as shown in the Bland–Altman plot in Fig. 5B. Similar 
analyses were performed using preoperative T2-weighted 
MRI images, yielding comparable results.

Residual tumor detection: iUS2

Tumor segmentations created for 9 patients in both iUS2 and 
intraoperative T1-weighted contrast enhanced MRI yielded 
a median DSC of 0.58 (IQR 0.27) and a median HD95 of 
5.84 mm (IQR 4.04 mm) were determined. Example seg-
mentations are shown in Fig. 4D–F. The residual tumor vol-
umes ranged from 0.90 to 7.95  cm3. Overall, a slight overes-
timation of the residual tumor volume was observed on iUS 
as compared to iMRI, as shown in Fig. 5C. A lower Pearson 
correlation coefficient of 0.863 was found as compared to 
the iUS1 findings. A median absolute volume difference of 
0.60  cm3 (IQR 0.92  cm3) was found, as shown in Fig. 5D. 
The median absolute volume difference was 0.82  cm3 (IQR 

1.52  cm3). Similar analyses performed using to T2-weighted 
iMRI images, yielding comparable results.

Discussion

Our study demonstrated that iUS has good diagnostic per-
formance in detecting residual tumor and has a high spatial 
accuracy of visualizing (residual) tumor tissue when com-
pared to iMRI. Regarding the first iUS acquisition (iUS1), 
the calculated tumor volumes showed an excellent correla-
tion and a good spatial correspondence was observed when 
compared to preoperative MRI. Regarding the second iUS 
acquisition (iUS2), the relative volume difference (25.7%) 
was higher when compared to iUS1 (7.01%). In our current 
results, lower DSC values were found for the iUS2 volumes 
when compared to iUS1. This was to be expected as this 
metric is more sensitive when evaluating smaller volumes. 
Nevertheless, the performance of iUS in localization of 
residual tumor is considered promising.

Table 1  Patient population characteristics

DNET dysembryoplastic neuroepithelial tumor

# Sex Age (years) Tumor type Tumor location Residual on 
iMRI

Surgical position Tumor volume 
(preop-MRI) 
[ml]

1 Male 12 Pilocytic astrocytoma Hemispheric n Supine 59.4
2 Female 4 Ependymoma Hemispheric n Supine 63.3
3 Male 8 Low grade glioma Hemispheric n Supine 24.4
4 Female 6 Pilocytic astrocytoma Hemispheric y Supine 32.4
5 Male 18 Low grade glioma Hemispheric n Supine 0.884
6 Male 10 DNET Hemispheric y Supine 7.76
7 Female 2 High grade glioma Hemispheric y Supine 77.0
8 Male 5 DNET Hemispheric n Supine 18.3
9 Female 3 Ganglioglioma Infratentorial y Prone 38.6
10 Female 9 Medulloblastoma Infratentorial y Prone 21.3
11 Male 10 Pilocytic astrocytoma Infratentorial y Prone 6.17
12 Female 3 Medulloblastoma Infratentorial y Prone 21.1
13 Male 9 Pilocytic astrocytoma Infratentorial n Prone 3.68
14 Male 2 Ependymoma Infratentorial n Prone 107
15 Male 13 Medulloblastoma Infratentorial n Prone 0.347
16 Female 3 Pilocytic astrocytoma Infratentorial y Prone 42.9
17 Male 7 Pilocytic astrocytoma Infratentorial n Prone 25.3
18 Male 4 Pilocytic astrocytoma Infratentorial n Prone 17.7
19 Male 9 Pilocytic astrocytoma Intraventricular y Supine 3.30
20 Male 13 Giant cell astrocytoma Intraventricular n Supine 1.10
21 Male 9 Pilocytic astrocytoma Suprasellar y Supine 20.3
22 Female 7 Craniopharyngioma Suprasellar n Supine 37.4
23 Male 9 Craniopharyngioma Suprasellar n Supine 0.531
24 Male 7 Craniopharyngioma Suprasellar n Supine 16.7
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Multiple studies have reported that navigated iUS shows 
to be a good addition to the neurosurgical armamentarium 
[9, 13, 14, 17–21]. There is not yet a clear consensus in 
literature on the sensitivity and specificity of iUS in detect-
ing residual tumor. For the adult population, sensitivity and 
specificity values found in other studies [11, 14, 23] vary 

between 46 and 94% and 83 and 100%, respectively. Only 
one study by Carai et al. [9] describes these metrics for a 
large pediatric population (n = 154) with a sensitivity and 
specificity of 86% and 99%. Our study population is signifi-
cantly smaller, which made that a small number of incon-
clusive cases substantially affected the diagnostic metrics. 

Fig. 3  Flowchart showing different acquisition, processing, and analysis steps with the number of patients involved

Fig. 4  Example segmentations in preoperative and intraoperative 
MRI and US images. The first row shows the tumor segmentation in 
A preoperative MRI, B iUS1, and C for both modalities in an overlay. 

The second row shows the remnant segmentation in D intraoperative 
MRI, E iUS2, and F for both modalities in an overlay
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For example, two inconclusive cases were considered 
positive for residual tumor, leading to a specificity lower 
than reported by other studies. However, false positives for 
residual tumor will not directly lead to resection, but rather 
directs the surgeon’s attention to the suspected area.

Few studies have reported quantitatively on the spatial 
accuracy of iUS. Most studies report merely on good visual 
congruency between images and the added diagnostic value 
of iUS in detecting residual tumor. These findings were con-
firmed in our research by the high correlation between tumor 
volumes on iUS and iMRI and the good DSC and HD95.

This study demonstrated that navigated iUS showed 
to be a very promising addition to the neurosurgical 

armamentarium in detecting tumor tissue before and dur-
ing resection. Without major disruptions of the surgical 
workflow, iUS can intermittently provide the surgeon with 
additional information for interactive guidance to local-
ize potential residual tumor. Besides, iUS acquisitions 
are safer, briefer, and require less patient preparation than 
those for iMRI. Image reconstruction based on navigated 
iUS allowed surgeons to interpret images better as com-
pared to unnavigated 2D imaging. The integration with 
neuronavigation makes iUS usage more effective. Based 
on our clinical experiences, iUS could lead to more effi-
cient timing of iMRI acquisitions or be a substitute when 
iMRI is not available.

Fig. 5  Volume based metrics of iUS acquisitions compared to MRI. 
A The absolute volume plotted per patient for iUS1 and preoperative 
MRI. A regression line is plotted and shows a coefficient of 0.942. 
The Pearson correlation coefficient is 0.996. C The absolute volume 
plotted per patient with a remnant visible on both iUS2 and iMRI. 
The regression line coefficient of 0.658 and a Pearson correlation 

coefficient of 0.863 were found. B and D Bland–Altman plots, in 
which the differences between iUS and MRI are plotted against their 
averages. B The tumor volumes before resection and D remnant vol-
umes as seen on iUS2 and iMRI. Median volume differences of 0.16 
 cm3 and 0.60  cm3 were found for iUS1 and iUS2, respectively. The 
first and third quartiles are shown in blue
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Limitations in this study were the low number of inclu-
sions (n = 24) and the low number of surgeons acquiring and 
assessing the images (n = 2). Another limitation was a selec-
tion bias inevitably introduced by allocating the iMRI mostly 
to patients with complex procedures, due to logistic con-
straints. Additionally, the image quality of iUS2 was affected 
by surgery, resulting in generally poorer images than those 
acquired before tumor debulking. As described by multiple 
studies [12, 19, 24, 25], acoustic enhancing artifacts (AEA), 
contusion, and edema are hyperechoic and could be mis-
taken for residual tumor, which could have led to suboptimal 
tumor segmentations in the iUS2 images. Clinically, this 
does not necessarily lead to additional tumor resection, but 
rather a direction of the surgeon’s attention to the suspected 
area. For an optimal comparison of intraoperative images, 
we would like to stress that iUS image acquisition before 
dura opening (iUS1) is required. Furthermore, to optimize 
image quality, it is advised to (1) acquire images transcorti-
cally, (2) maintain proper transducer-tissue contact, and (3) 
to position the patient in such a way as to avoid fluid drain-
age from the resection cavity. Lastly, this study was limited 
to the assessment and quantification of the diagnostic value 
of conventional iUS imaging based on B-mode images. Sev-
eral recent studies report on the potential of more advanced 
iUS techniques like Doppler imaging [18], strain elasto-
sonography [26, 27], and contrast-enhanced ultrasound 
(CEUS) [19, 28–32]. Future research needs to show if more 
advanced iUS techniques contribute to a more optimal EoR 
and a minimal disruption of the surgical workflow.

Conclusions

This study demonstrated that iUS performs well in visual-
izing brain tumors during pediatric neurosurgery before and 
after debulking. A good similarity was found between iUS 
and MRI. iUS can direct the surgeon’s attention to areas 
suspect for residual tumor in a large resection cavity. Based 
on our findings, iUS is considered a promising addition to 
the neurosurgical armamentarium.
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