Situ et al. Cancer Imaging (2024) 24:97 Cancer |mag|ng
https://doi.org/10.1186/540644-024-00738-z

. R . @
An interactive 3D atlas of sentinel lymph s

nodes in breast cancer developed using
SPECT/CT

Josephine Situ'", Poppy Buissink'", Annie Mu?, David KV Chung*, Rob Finnegan®®”, Thiranja P Babarenda Gamage?,
Tharanga D Jayathungage Don?, Cameron Walker' and Hayley M Reynolds®’

Abstract

Background The identification and assessment of sentinel lymph nodes (SLNs) in breast cancer is important for
optimised patient management. The aim of this study was to develop an interactive 3D breast SLN atlas and to
perform statistical analyses of lymphatic drainage patterns and tumour prevalence.

Methods A total of 861 early-stage breast cancer patients who underwent preoperative lymphoscintigraphy and
SPECT/CT were included. Lymphatic drainage and tumour prevalence statistics were computed using Bayesian
inference, non-parametric bootstrapping, and regression techniques. Image registration of SPECT/CT to a reference
patient CT was carried out on 350 patients, and SLN positions transformed relative to the reference CT. The reference
CT was segmented to visualise bones and muscles, and SLN distributions compared with the European Society for
Therapeutic Radiology and Oncology (ESTRO) clinical target volumes (CTVs). The SLN atlas and statistical analyses
were integrated into a graphical user interface (GUI).

Results Direct lymphatic drainage to the axilla level | (anterior) node field was most common (77.2%), followed by
the internal mammary node field (30.4%). Tumour prevalence was highest in the upper outer breast quadrant (22.9%)
followed by the retroareolar region (12.8%). The 3D atlas had 765 SLNs from 335 patients, with 33.3-66.7% of axillary
SLNs and 25.4% of internal mammary SLNs covered by ESTRO CTVs.

Conclusion The interactive 3D atlas effectively displays breast SLN distribution and statistics for a large patient
cohort. The atlas is freely available to download and is a valuable educational resource that could be used in future to
guide treatment.
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Introduction

Breast cancer is the most commonly diagnosed cancer
worldwide [1]. Without treatment, breast cancer can
spread from the primary tumour site to regional lymph
nodes, decreasing a patient’s chance for survival [2, 3].
Accurate identification and assessment of sentinel lymph
nodes (SLNs), defined as lymph nodes which receive
direct lymphatic drainage from a primary tumour site,
is crucial for optimising patient management [4, 5]. The
location and number of SLNs varies among breast cancer
patients, however, and are best identified for each patient
using lymphoscintigraphy (LS) and SPECT/CT imaging.

To better understand variations in breast lymphatic
drainage and SLN distribution, previous studies have sta-
tistically analysed aggregated planar LS or 3D SPECT/CT
data [6-8]. In 2004, Estourgie et al. [6] analysed 700 LS
studies and computed lymphatic drainage probabilities
from five breast regions. In 2012, Uren et al. [7] analysed
LS and SPECT/CT data from 741 patients and reported
frequencies of drainage from nine breast regions. How-
ever, neither study reported confidence intervals to quan-
tify uncertainty in their results. For additional insights,
Blumgart et al. [8] analysed data from 2304 patients
imaged at the same centre as Uren et al. [7], calculating
lymphatic drainage and tumour prevalence statistics with
confidence intervals, and displayed results via an interac-
tive web-based tool [8]. Despite the benefits of this tool,
it was limited to a generic 2D representation of SLN loca-
tion and all axillary SLNs were categorised into one node
field.

Recently, several 3D atlases have been developed by
mapping lymph node locations or contours from mul-
tiple breast cancer patients onto a single patient dataset
[9-13]. Each 3D atlas aimed to evaluate radiation ther-
apy clinical target volume (CTV) delineation guidelines,
including the European Society for Radiotherapy and
Oncology (ESTRO), and the Radiation Therapy Oncol-
ogy Group (RTOG) guidelines. One atlas by Novikov et
al. [13] co-registered SPECT/CT data from 254 patients
to show the distribution of breast SLNs. Other atlases
analysed the distribution of lymph node metastases,
including one by Borm et al. [9] created using '*F-flu-
orodeoxyglucose positron emission tomography/CT
(FDG-PET/CT) data from 235 patients, which they later
followed with another FDG-PET/CT-derived atlas com-
paring metastatic and non-pathological lymph nodes in
143 patients [10]. Zhang et al. [11] developed an atlas of
FDG-avid regional nodes using data from 154 patients
with recurrent or advanced breast cancer. Meanwhile
Beaton et al. [12] created an atlas of regional nodal recur-
rences using 69 PET/CT datasets. Each 3D atlas was
informative, however none were presented in an interac-
tive manner which limited their educational utility. Fur-
thermore, lymph node distributions alongside radiation
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therapy CTVs were shown on 2D CT slices, making it dif-
ficult to understand their 3D spatial location.

To address these limitations, we aimed to develop an
interactive 3D atlas of breast SLN distributions using
LS and SPECT/CT data from a large patient cohort. We
selected a new sample from the same centre as Uren et
al. [7] and Blumgart et al. [8], which had enhanced SLN
location information from SPECT/CT including refine-
ment of the axillary node fields into multiple levels. We
also aimed to perform statistical analysis of lymphatic
drainage and tumour prevalence to complement the SLN
atlas, optimising its educational and clinical utility.

Methods

Figure 1 summarises the workflow performed to develop
the atlas, which is described in more detail in the follow-
ing sections.

Patient data

All breast cancer patients who underwent LS and
SPECT/CT prior to SLN biopsy at Alfred Nuclear Med-
icine and Ultrasound (ANMU) in Sydney, Australia
between April 2018 and December 2022 were retrospec-
tively identified (Fig. 1). Patients who had past surgery or
neoadjuvant therapy were excluded as past treatment can
influence lymphatic drainage [14], and patients with mul-
tifocal disease or large tumours (diameter>3 cm) were
excluded because it was unclear which injection site was
the source of the lymph flow. Details of patients in the
final atlas are described in Table 1. A total of 861 patients
(mean age 60.0 years) were statistically analysed, while a
smaller subset of 335 patients (mean age 60.1 years) were
used in the 3D SLN atlas to reduce computational power
required and ensure sufficient SLN visualisation without
too many overlapping SLNs. A minimum of 20 patients
from each breast region were selected for the 3D SLN
atlas to provide data from each region. Most patients
(99.1%) had a single primary tumour visible on ultra-
sound, while eight patients had bilateral primary tumours
and underwent LS and SPECT/CT on both breasts.

The LS and SPECT/CT procedure at the ANMU has
previously been described [7]. In brief, one to four peritu-
moral injections of *™Tc-antimony sulphide colloid were
administered around the tumour under ultrasound guid-
ance, with the needle tip less than 1 cm from the tumour
edge. Following five minutes of massage around the injec-
tion site, LS was undertaken and if SLNs were observed,
SPECT/CT was acquired with patients in the supine
position with most patients having their arms above
the head. At the time of imaging, the nuclear medicine
physician annotated the SLN positions on the SPECT
images (Fig. 2). The patient’s primary tumour was classi-
fied into one of 12 clockface regions, with the distance of
the tumour from the nipple also recorded. If this distance
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Fig. 1 Flow chart summarising the methods and number
of patients (n) involved at each step

Table 1 Patient characteristics
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Underwent LS and
SPECT/CT
(n=1010) Excluded:
- Past surgery

- Neoadjuvant therapy
- Multifocal tumours

Y - Large tumours
Statistical Analysis - No SLNs observed
(n=861)
I
Sample

Registration
(n = 350)

Y

Segmentation of
Reference CT
(n=1)

Failed Registration
(n=15)

3D SLN Atlas }

(n = 335)

Interactive GUI

was <1 cm, the tumour was reclassified as being within a
0 o'clock region. Patient SLNs were classified within one

of 12 node fields, as described previously [7]: axilla level

Characteristic Statistical Analysis 3D SLN Atlas
Number of patients 861 335
Number of tumours 869 336
Left tumours 452 169
Right tumours 417 167

Age, mean (range)
Female
Male

60.0 (25.5-92.5)
856
5

60.1 (25.5-89.3)
335
0

I (either anterior, central, lateral, posterior or interpec-
toral), axilla level II, axilla level III, internal mammary,
supraclavicular, mediastinal, interval, and contralateral.

Statistical analysis
Statistical analysis was performed using data from 861
patients (Table 1), using the R statistical package [15].

First, drainage probabilities, defined as the probability
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Fig. 2 Example SPECT/CT images from a breast cancer patient showing a SLN annotated with a red cross in the axilla level | (anterior) node field

of SLNs being present in each node field given the pri-
mary tumour being in a particular breast region, were
estimated. Second, tumour prevalence, defined as the
probability of the primary tumour being in each breast
region, given SLNs being in a certain node field, were
calculated.

All data on the right side of the body was reflected
to the left side of the body, as done by Blumgart et al.
[8] who previously showed drainage probabilities and
tumour prevalence are symmetric [16]. Data from both
males and females were used, as lymphatic drainage pat-
terns are not significantly different between sexes [16].
For patients with bilateral breast tumours (8 of 861), the
lymphatic drainage from each breast was considered
independently.

Drainage probabilities

Probability estimates were computed using Bayesian
inference, non-parametric bootstrapping, and regression.
As in Blumgart et al. [8], Bayesian inference was used to
evaluate drainage probabilities with a uniform prior and
binomial likelihood. Bayesian inference was performed
in WinBUGS [17], using the R2WinBUGS package [18].
Bayesian posterior distributions were summarised as
posterior means and 95% confidence intervals. Non-
parametric bootstrapping confidence intervals were
computed using 10,000 bootstrap replicates, with resa-
mpling done at a patient level. For the regression confi-
dence intervals, a binary response variable represented
the presence or absence of drainage to the selected
node field, and the breast region (a categorical variable
between 0 and 12) was the only predictor variable. Then,
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95% Wald-based confidence intervals were calculated for
the fitted values [19].

Tumour prevalence

To evaluate tumour prevalence using Bayesian inference,
a Dirichlet prior and multinomial likelihood were used,
similar to Blumgart et al. [8]. Results were summarised
as posterior means and 95% confidence intervals, using
WinBUGS [17]. Non-parametric bootstrapping con-
fidence intervals were calculated as above. Regression
confidence intervals for multinomial proportions were
calculated using the DescTools package, with the default
Sison and Glaz method [20].

3D SLN atlas development

Registration and segmentation

SPECT/CT images from 350 patients were used to con-
struct the 3D SLN atlas (Fig. 1). All patients had SPECT/
CT performed with their arms above the head, which
provided consistency in patient pose when modelling
inter-patient deformations during co-registration. Each
patient’s CT image was registered to a reference patient
CT scan, as demonstrated in Fig. 3 for an example
patient. The reference CT was chosen from a random
subset of 30 patients (one patient per breast tumour
region plus six randomly selected patients), by identify-
ing the patient with the median scapula length which is a
predictor for body height [21] (see Table S1).
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The remaining 349 CT images were registered to the
reference CT with linear and deformable registration
using the open-source Python library PlatiPy [22]. Lin-
ear registration gave an initial alignment and was applied
using the scaleversor method, which performed 3D rigid
transformation and anisotropic scaling [23]. Deformable
registration, through the fast symmetric forces demons
algorithm, was then used to refine the initial alignment
by calculating local (voxel-wise) deformations. The 3D
coordinates of each SLN identified by the nuclear medi-
cine physician on SPECT images, were registered to the
reference CT using the pre-computed linear transform
and deformation vector fields.

To validate the image registration and quantify the
uncertainty, CT images of the 30 patients in the previ-
ously selected sample were analysed. Thirteen skeletal
landmarks (positions described in the Table S1) were
manually selected by one observer in the reference CT
and remaining 29 CT images, and the Euclidean dis-
tances between corresponding points were computed
before and after image registration. Since estimation of
the registration error was influenced by landmark anno-
tation variability, an inter-observer study was performed.
For this, three observers annotated 13 landmark points in
five randomly selected patients from the 30 patient sam-
ple and the Euclidean distances between landmark points
were computed.

Fig. 3 Registration workflow for an example patient, showing: a unregistered moving CT (purple) and reference CT images (green), b moving and refer-
ence CT images after linear registration, ¢ deformation vector fields, d moving and reference CT images after deformable image registration
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The reference CT image was segmented using a semi-
automatic approach. Bones were segmented using the 3D
Slicer v5.2.2 [24] extension, SlicerTotalSegmentator [25],
a fully automated tool based on a trained nnU-Net algo-
rithm [26]. The sternum and anterior portions of the ribs
were only partially segmented using this tool, so further
manual segmentation was performed within 3D Slicer.
Three muscles relevant for defining the axillary node field
positions: the latissimus dorsi, pectoralis major and pec-
toralis minor muscles, were manually segmented on the
reference patient CT image using 3D Slicer.

ESTRO CTV coverage

Correspondences between the ANMU SLN node fields
and ESTRO CTVs are outlined in Table 2. There are no
ESTRO CTVs corresponding to the ANMU mediastinal
and interval SLN node fields, so these were not analysed.
The ESTRO CTVs were downloaded from Offersen et
al. [27] which had the left and right CTVs delineated on
two different patients. Hence, the CT images from each
patient were co-registered with the atlas reference CT
image separately, using methods described above, and
propagated to the ESTRO CTVs. The percentage SLN
coverage and distances of non-covered SLN centroids
from the CTVs were calculated for corresponding CTVs
(Table 2) and for all CTVs. Following the criteria outlined
by Zhang et al. [11], each SLN was assumed to have a
diameter of 5 mm and was defined as inside if>50% of its
volume was within the CTV contours.

Interactive graphical user interface

A graphical user interface (GUI) was developed in 3D
Slicer, to interactively visualise the atlas, and can be
downloaded following the instructions in the supplemen-
tary information. Visualisation of the breast regions was
considered important to view the associated lymphatic
drainage statistics interactively. A generic schematic rep-
resentation of the breast regions was created for this pur-
pose, using segmentation tools in 3D Slicer [28].

Table 2 ANMU SLN node fields and their corresponding ESTRO

CTVs

ANMU SLN node fields ESTRO CTV

Axilla level | (anterior, posterior, central, and Axilla level I (L1)

lateral)

Axilla level | (interpectoral) Interpectoral nodes
(INTPECT)

Axilla level Il Axilla level 2 (L2)

Axilla level Il Axilla level 3 (L3)

Supraclavicular Lymph node level
4 (L4)

Internal mammary Internal mammary

chain (IMN and 1C4°)

? The caudal limit is generally the cranial side of the 4th rib but it can be
extended by an additional intercostal space under some protocols [27].
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One centrally located representative SLN from each
node field was chosen to display node field names or rel-
evant statistics. Each representative SLN was selected to
ensure it was not obscured by adjacent SLNs and so its
label did not overlap with other labels. The right medi-
astinal and left supraclavicular node fields had no SLNs
from the subset of patients chosen. For these node fields,
a representative SLN was manually placed in the equiva-
lent position on the opposite side of the body.

Results

Patient data

The number of patients with SLNs in each node field and
each breast region, after data reflection, is summarised
in Table 3. The axilla level I (anterior) node field was the
most common (77.2%, n=671), with the second most
common being the internal mammary node field (30.4%,
n=264). The most common primary tumour site was the
2 o'clock region, which was closest to the axilla (22.9%,
n=199), while the least common were the 6 o’clock and 7
o’clock regions (both 2.6%, n=23).

Statistical analysis

Table 4 presents the drainage probabilities to each
node field location for all patients including point esti-
mates and confidence intervals. For the most common
axilla level I (anterior) node field, Bayesian and regres-
sion confidence intervals were the same (74.3-79.9%),
while the bootstrap confidence interval was marginally
higher (74.4—80.0%). The internal mammary node field
had the same Bayesian and Regression drainage prob-
abilities (27.4-33.5%), with the Bootstrap confidence
interval upper bound being slightly lower (33.4%). The
mean drainage probabilities and 95% confidence interval
bounds were within 0.3% points across all methods.

Drainage probabilities for each separate breast region
are given in Tables S2-S4. The axilla level I (anterior) node
field was the most common, where all breast regions had
mean drainage probabilities over 60%. The probability
of SLNs in the internal mammary node field was high-
est from the 7 o’clock region in the lower inner breast
quadrant (Bayesian mean 69.2%, bootstrap mean 71.0%,
and regression mean 70.8%). When there were over 100
patients with a primary tumour in a breast region and
over 20 patients with drainage to a specified node field,
all three methods gave comparable results, with the mean
and 95% confidence interval bounds varying by less than
1% point.

Table 5 details the tumour prevalence statistics for
each breast region across all patients. Tumour preva-
lence confidence intervals in the 2 o'clock breast region
ranged from (20.0-25.5%) from Bayesian inference
to (20.0-25.9%) from regression. For the retroareo-
lar 0 oclock breast region, Bayesian (10.6—15.0%) and
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Table 4 Drainage probabilities to each node field for the entire

breast. Cl=confidence interval
Node Field n Bayesian Bootstrap Regression
Mean % (95% Mean % Mean %
cl) (95% Cl) (95% Cl)
Axilla level | 671 77.2(743,799) 772 (744, 77.2 (743,
(anterior) 80.0) 79.9)
Axilla level | 253 29.2(26.2,32.2) 29.1(26.1, 29.1 (26.2,
(central) 32.1) 32.2)
Axilla level | 11 14(0.7,22) 1.3(06,2.1) 1.3(0.7,23)
(lateral)
Axilla level | 85 99(80,119 98(78,11.8) 9.8(80,11.9
(posterior)
Axilla level | 21 25(16,37) 24(1536) 24(16,37)
(interpectoral)
Axilla level Il 72 84(66,103) 83(6510.1) 83(66, 103)
Axilla level Il 4 06(0212 05(0.1,09  05(0.2,12)
Internal 264 304 (274,335) 304274, 304 (274,
mammary 334) 33.5)
Supraclavicular 5 0.7(03,1.3) 06(0.1,1.2) 06(0.2,14)
Mediastinal 4 060212 .5(0.1,09) 5(0.2,1.2)
Interval 83 9.6(7.8,11.7) (76 11.5) 6(7.8,11.7)
Contralateral 2 03(0.1,08) .2 (0.0,0.6) .2 (0.1,0.9)
Table 5 Tumour prevalence in each breast region.
Cl=confidence interval
Tumour n Bayesian Bootstrap Regression
Region (L) Mean % Mean % Mean %
(95% Cl) (95% Cl) (95% Cl)
0 (retroareolar) 111 12.7(106,15.0) 12.8(10.5,15.1) 12.8(9.9,
15.8)
1 85 9.7(7.9,11.8) 98(7.8,11.8) 9.8(6.9,12.8)
2 199 22.7(20.0,25.5) 22.9(20.1,25.8) 22.9(20.0,
25.9)
3 (lateral) 94 10.8(88,129) 10.8(88,129) 10.8 (7.9,
13.9)
4 56 .5(4.9,82) 5(4.8,82) 64(36 9.5)
5 41 8(35,6.3) 7(33,6.2) 7(1.8,7.8)
6 (inferior) 31 6(2.5,5.0) 6(24,48) 6(0.7,6.6)
7 24 8(1.8,4.0) 8(1.7,3.9) 8(0.0,5.8)
8 23 7(1.8,3.9) 6(1.6,3.8) 6(0.0,57)
9 (medial) 23 .7(1.8,3.9) 6(1.6,3.8) 6(0.0,5.7)
10 56 .5(4.9,82) 5(4.8,82) 4(3.6,9.5)
11 60 9(5.3,87) 9(53,87) 9 (4.0,9.9)
12 (superior) 66 6(5.9,94) 6(59,9.3) 6(4.7,10.6)

bootstrap (10.5-15.1%) confidence intervals were simi-
lar. The regression confidence intervals were wider than
the Bayesian or bootstrap confidence intervals, though
the mean tumour prevalence was comparable. Tumour
prevalence values for each node field are given in Tables
S5-S7. Tumour prevalence was highest in the 2 o'clock
breast region, given an SLN in the axilla level I (anterior,
central, posterior, interpectoral), axilla level III, supracla-
vicular, and interval node fields.
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3D SLN atlas

Registration and segmentation

CT images from 334 patients were successfully regis-
tered to the reference CT, while CT images from 15
patients failed to register (4.3%) due to significant ana-
tomical differences or variations in patient position-
ing. The mean registration errors and inter-observer
variations for each landmark are provided in Table S8.
Overall, the mean registration error after linear regis-
tration was 138.7 mm (SD=5.1 mm), which improved
to 11.2 mm (SD=4.9 mm) after deformable registra-
tion. The inter-observer variability ranged from a mean
of 6.6 mm (SD=2.7 mm) to 7.4 mm (SD=2.8 mm). The
final 3D atlas, as shown in Fig. 4, had 765 SLNs from 335
patients and an additional two manually placed SLNs in
the right mediastinal and left supraclavicular node fields.
Full segmentation of muscles and bones near the axilla
was achieved, but the anterior ribs and full extent of the
muscles were only partially segmented due to challenges
with identification on CT.

ESTRO CTV coverage

Table 6 summarises the number of SLNs in each node
field and the coverage by the corresponding ESTRO
CTVs and all ESTRO CTVs. The overall percentage of
axillary and internal mammary SLNs covered by all CT Vs
and corresponding CTVs was 36.4% and 30.8% respec-
tively, with non-covered SLN centroids a mean distance
of 5.7 mm (SD=5.8 mm) and 5.9 (SD=5.7 mm) respec-
tively, from the nearest CTV border. The SLN coverage
for all CT'Vs ranged from 33.3 to 66.7% for the axilla level
I node fields, while the internal mammary node field had
the lowest coverage of 25.5%.

Interactive graphical user interface

The interactive GUI design is shown in Fig. 5. In the
viewing window, the user can rotate, translate, and zoom
in and out to achieve different perspectives. The user can
interact with any breast region or SLNs by double click-
ing, which brings up the appropriate lymphatic drainage
or tumour prevalence statistics. Within the left control
panel (Fig. 5), the user can toggle the visibility and adjust
the opacity of objects including the muscles and breast
regions, and show SLN field volumes or representative
SLNs. The co-registered ESTRO CTVs can be viewed on
the reference CT in the axial, coronal, and sagittal slice
views alongside the 3D rendered view (Fig. 6).

Discussion

To our knowledge, this is the first interactive anatomically
based 3D atlas of SLNs that drain the breast which com-
bines the 3D anatomical distribution of SLN positions
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Fig.4 The 3D SLN atlas showing: a anterior, b right, c left, d superior, and e inferior views of all registered SLNs on the reference patient with segmented

bones and muscles

with comprehensive statistical analyses. The study has
several strengths and advantages, including the largest
number of patient images used to create an atlas, and the
precise anatomical localisation of SLNs using SPECT/CT
data. No other 3D anatomical breast SLN atlases [9-13]
have incorporated multiple statistical analyses, and pre-
vious studies have either not reported confidence inter-
vals to quantify uncertainty [6, 7], or used only Bayesian
inference [8]. The use of more detailed classifications of
node field locations compared to Blumgart et al. [8] and
Estourgie et al. [6] is an additional advantage.

The drainage probabilities reported here are compara-
ble with previous studies [6—8], with axillary and internal
mammary drainage being the most common while SLNs
tend to be in node fields closest to the primary tumour
[8]. Similarly, drainage to the internal mammary node
field were higher from primary tumours in the 7 and 8

o’clock regions, which is consistent with the lower inner
quadrant region drainage results in Estourgie et al. [6],
Uren et al. [7], and Blumgart et al. [8]. Most tumours were
in the 2 o'clock region (closest to the axilla), consistent
with the upper outer breast quadrant being most com-
mon in Estourgie et al. [6], Uren et al. [7], and Blumgart
et al. [8]. The retroareolar 0 oclock breast region was the
second most common tumour location, with a higher
prevalence (12.8%; bootstrapping 95% CI: 10.5-15.1%)
reported in this study compared to the results of Estour-
gie et al. [6] (8.7%), Uren et al. [7] (4.2%), and Blumgart et
al. [8] (4.0%), which could be due to differences in region
size between studies.

The co-registration of patient CT images to a reference
CT allowed SLN positions from a large representative
sample of patients to be aligned to a common patient
geometry. The registration process was successful for
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mean = SD of non-covered SLN centroids from the nearest CTV

Table 6 The number of SLNs in each node field in the 3D SLN atlas and associated ESTRO CTV coverage. Distance =
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over 95% of CT images, and CT images for which reg-
istration failed typically had large anatomical variations
compared to the reference CT. Computation of regis-
tration error provided quantitative metrics of the accu-
racy and precision of SLN positions, not provided by
other breast atlases [9-13]. The estimated registration
error (mean 11.2 mm) was slightly larger than the inter-
observer variation (mean 7.4 mm for Observers 2 and
3) and the reference CT slice thickness (4.4 mm). This
indicates that misalignments between the reference and
moving images persisted after registration. However,
as the registration error was only slightly larger than
the inter-observer variation, the SLN positions were
regarded suitable for this work. Registration and seg-
mentation accuracy is primarily limited by the quality
of the CT images, which are subject to motion-related
blurring, poor soft-tissue contrast, and image artefacts.
Anatomical differences between the reference and other
patients may not be accounted for by image registration
alone.

Although the purpose of the atlas is not to guide
radiotherapy, comparisons with ESTRO CTVs were
performed. Coverage ranged from 33.3 to 66.7% for the
axilla level I node fields, which was lower than Novikov
et al. [13], who found 82.7% coverage for the entire axilla
level I node field. However, Novikov et al. [13], calcu-
lated coverage per patient with less restrictive criteria
(>10% SLN overlap was considered covered, compared
to >50% in this study). In addition to criteria differ-
ences, discordant results may be due to ESTRO CTV
distortion during the registration process, demonstrated
by the asymmetrical CT Vs in Fig. 6. Non-covered SLNs
were a mean distance of 5.7 mm away from the near-
est CTV boundary, which may be covered when mar-
gins are added for planning purposes [27]. Future work
to analyse discrepancies could involve manual delinea-
tion of ESTRO CTVs on the reference CT by radiation
oncologists, as performed in other studies [11-13]. An
additional limitation to our work is the low-dose ref-
erence CT slice thickness of 4.4 mm, which was larger
than the 2—3 mm recommended for CTV delineation by
Offerson et al. [27].

There are several limitations to this study. The 3D
SLN atlas contains data from female patients only, while
the statistical analysis has a very small number of male
patients, and hence neither may be representative of a
male cohort. The reference CT image was a low dose CT
scan with relatively thick slices, which meant it was not
possible to visualise and segment blood vessels which are
important for SLN identification. Therefore, future work
could involve using a higher quality diagnostic CT scan
as the reference image which could enable visualisation
of relevant blood vessels. This would also improve regis-
tration and segmentation accuracy.
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Conclusions

This study presents the first interactive 3D atlas of breast
SLNs developed using SPECT/CT data with integrated
statistical results. The 3D atlas enhances our understand-
ing of breast lymphatic drainage patterns and tumour
prevalence from a large patient cohort and provides
a valuable resource for medical education which has
potential to aid breast cancer treatment planning.

Abbreviations

ANMU Alfred Nuclear Medicine and Ultrasound

cl Confidence interval

cT Computed tomography

cTv Clinical target volume

ESTRO European Society for Therapeutic Radiology and Oncology
FDG-PET  '®F-fluorodeoxyglucose positron emission tomography
GUI Graphical user interface

LS Lymphoscintigraphy

RTOG Radiation Therapy Oncology Group

SLN Sentinel lymph node

SPECT Single photon emission computed tomography

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/540644-024-00738-z.

[ Supplementary Material 1 ]

Author contributions

HMR conceptualised the study and obtained funding. JS performed the
statistical analysis and wrote the first draft of the manuscript. PB conducted
image segmentation and developed the interactive GUI alongside JS, and
AM performed image registration. HMR, TPBG, TDJD and CW provided study
supervision and contributed to methodology development. RF contributed
to developing the registration methodology. DKVC provided data and
contributed to result interpretation. All authors read and approved the final
manuscript.

Funding
HMR is funded by a Sir Charles Hercus Health Research Fellowship from the
Health Research Council of New Zealand.

Data availability

The interactive SLN atlas is freely available for download following the
instructions in the supplementary information. The data used to create the
atlas are available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Ethics approval was obtained from Melanoma Institute Australia Research
Committee (MIA2020/293) and University of Auckland Human Participants
Ethics Committee (UAHPEC 024229). This was a retrospective study, with
ethics committee review confirming that informed consent was not required.
All patient identifiers were removed from data prior to analysis.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 7 April 2024 / Accepted: 5 July 2024
Published online: 30 July 2024

Page 12 of 13

References

1. Sung H, Global Cancer Statistics. 2020: GLOBOCAN Estimates of Incidence
and Mortality Worldwide for 36 Cancers in 185 Countries, CA: A Cancer Journal
for Clinicians, vol. 71, no. 3, pp. 209-249, 2021, https://doi.org/10.3322/
caac.21660.

2. Verkooijen HM et al. Aug., ‘Patients’Refusal of Surgery Strongly Impairs Breast
Cancer Survival, Ann Surg, vol. 242, no. 2, pp. 276-280, 2005, https://doi.
0rg/10.1097/01.51a.0000171305.31703.84.

3. Rahman M, Mohammed S.'Breast cancer metastasis and the lymphatic
system; Oncol Lett, vol. 10, no. 3, pp. 1233-1239, Sep. 2015, https://doi.
0rg/10.3892/01.2015.3486.

4. Koizumi M, Koyama M.‘Comparison between single photon emission
computed tomography with computed tomography and planar scintigraphy
in sentinel node biopsy in breast cancer patients, Ann Nucl Med, vol. 33, no. 3,
pp. 160-168, Mar. 2019, https://doi.org/10.1007/512149-018-1319-z.

5. Uren RF, Howman-Giles R, Thompson JF. Lymphatic drainage of the skin and
breast: locating the Sentinel nodes. Taylor & Francis; 1999.

6.  Estourgie SH, Nieweg OE, Valdés Olmos RA, Rutgers EJT, Kroon BBR. 'Lym-
phatic Drainage Patterns From the Breast, Annals of Surgery, vol. 239, no. 2, p.
232, Feb. 2004, https://doi.org/10.1097/01.51a.0000109156.26378.90.

7. Uren RF et al. Aug, 'SPECT/CT scans allow precise anatomical location of
sentinel lymph nodes in breast cancer and redefine lymphatic drainage from
the breast to the axilla; Breast, vol. 21, no. 4, pp. 480-486, 2012, https://doi.
0rg/10.1016/j.breast.2011.11.007.

8. Blumgart El, Uren RF, Nielsen PMF, Nash MP, Reynolds HM. 'Predicting lym-
phatic drainage patterns and primary tumour location in patients with breast
cancer, Breast Cancer Res Treat, vol. 130, no. 2, pp. 699-705, Nov. 2011, https://
doi.org/10.1007/510549-011-1737-2.

9. BormKJ et al. Mar, 'FDG/PET-CT-Based Lymph Node Atlas in Breast Cancer
Patients, International Journal of Radiation Oncology, Biology, Physics, vol. 103,
no. 3, pp. 574-582, 2019, https://doi.org/10.1016/}.ijrobp.2018.07.2025.

10. Borm KJ, et al. Comparison of the distribution of lymph node metastases
compared to healthy lymph nodes in breast cancer. Radiat Oncol. Feb.
2022;17(1):27. https://doi.org/10.1186/513014-021-01964-6.

11. Zhang M et al. Sep, ‘Mapping of PET/CT-based regional nodes distribution of
recurrent/advanced breast cancer and comparison with current delinea-
tion atlas; BJR, vol. 95, no. 1137, p. 20220382, 2022, https.//doi.org/10.1259/
bjr.20220382.

12. Beaton Letal. Jun, 'PET/CT of breast cancer regional nodal recurrences: an
evaluation of contouring atlases;, Radiation Oncology, vol. 15, no. 1, p. 136,
2020, https://doi.org/10.1186/513014-020-01576-6.

13. Novikov SN et al. Mar, ‘Atlas of sentinel lymph nodes in early breast cancer
using single-photon emission computed tomography: implication for lym-
phatic contouring, Radiat Oncol J, vol. 39, no. 1, pp. 8-14, 2021, https://doi.
0rg/10.3857/r0j.2020.00871.

14. Pereira Arias-Bouda LM, Vidal-Sicart S, Valdés RA, Olmos. Preoperative and
Intraoperative Lymphatic Mapping for Radioguided Sentinel Lymph Node
Biopsy in breast Cancer. In: Mariani G, Vidal-Sicart S, Valdés RA, Olmos, editors.
Atlas of Lymphoscintigraphy and Sentinel Node Mapping: a pictorial case-
based Approach. Cham: Springer International Publishing; 2020. pp. 185-217.
https://doi.org/10.1007/978-3-030-45296-4_9.

15.  CoreTeam R. R:A Language and Environment for Statistical Computing. Vienna,
Austria: R Foundation for Statistical Computing, 2022. [Online]. Available:
https://www.R-project.org/.

16.  Blumgart El, Uren RF, Nielsen PMF, Nash MP, Reynolds HM. Lymphatic drain-
age and tumour prevalence in the breast: a statistical analysis of symmetry,
gender and node field independence. J Anat. 2011;218(6):652-9. https://doi.
0rg/10.1111/j.1469-7580.2011.01362 x.

17. Lunn DJ, Thomas A, Best N, Spiegelhalter D."WinBUGS - A Bayesian
modelling framework: Concepts, structure, and extensibility, Statistics and
Computing, vol. 10, no. 4, pp. 325-337, Oct. 2000, https://doi.org/10.102
3/A:1008929526011.

18. SturtzS, Ligges U, Gelman A. R2WinBUGS: A Package for running WinBUGS
from R. J Stat Softw. 2005;12(3):1-16.

19.  Hosmer DW Jr, Lemeshow S, Sturdivant RX. Introduction to the logistic
regression model. Applied Logistic Regression. John Wiley & Sons, Ltd; 2013.
pp. 1-33. https://doi.org/10.1002/9781118548387.ch1.

20. Sison CP, Glaz J. Simultaneous confidence intervals and sample size deter-
mination for Multinomial proportions. J Am Stat Assoc. 1995;90(429):366-9.
https://doi.org/10.2307/2291162.


https://doi.org/10.1186/s40644-024-00738-z
https://doi.org/10.1186/s40644-024-00738-z
https://doi.org/10.3322/caac.21660
https://doi.org/10.3322/caac.21660
https://doi.org/10.1097/01.sla.0000171305.31703.84
https://doi.org/10.1097/01.sla.0000171305.31703.84
https://doi.org/10.3892/ol.2015.3486
https://doi.org/10.3892/ol.2015.3486
https://doi.org/10.1007/s12149-018-1319-z
https://doi.org/10.1097/01.sla.0000109156.26378.90
https://doi.org/10.1016/j.breast.2011.11.007
https://doi.org/10.1016/j.breast.2011.11.007
https://doi.org/10.1007/s10549-011-1737-2
https://doi.org/10.1007/s10549-011-1737-2
https://doi.org/10.1016/j.ijrobp.2018.07.2025
https://doi.org/10.1186/s13014-021-01964-6
https://doi.org/10.1259/bjr.20220382
https://doi.org/10.1259/bjr.20220382
https://doi.org/10.1186/s13014-020-01576-6
https://doi.org/10.3857/roj.2020.00871
https://doi.org/10.3857/roj.2020.00871
https://doi.org/10.1007/978-3-030-45296-4_9
https://www.R-project.org/
https://doi.org/10.1111/j.1469-7580.2011.01362.x
https://doi.org/10.1111/j.1469-7580.2011.01362.x
https://doi.org/10.1023/A:1008929526011
https://doi.org/10.1023/A:1008929526011
https://doi.org/10.1002/9781118548387.ch1
https://doi.org/10.2307/2291162

Situ et al. Cancer Imaging

22.

23.

24.

25.

26.

(2024) 24:97

Vukotic M, Milosevic Z, Bjelica D.'Body height and its estimation utilizing
shoulder blade length measurements of Montenegrin adolescents of both
sexes. Int j Morphol, pp. 902-6, 2021.

Chlap P, Finnegan RN. PlatiPy: Processing Library and Analysis Toolkit for
Medical Imaging in Python. J Open Source Softw. Jun. 2023;8(86):5374.
https://doi.org/10.21105/j0ss.05374.

Johnson H, Harris G, Williams K.'BRAINSFit: Mutual Information Registrations
of Whole-Brain 3D Images, Using the Insight Toolkit, The Insight Journal, Oct.
2007, https://doi.org/10.54294/hmb052.

Fedorov A et al. Nov, 3D Slicer as an Image Computing Platform for the
Quantitative Imaging Network] Magn Reson Imaging, vol. 30, no. 9, pp.
1323-1341, 2012, https://doi.org/10.1016/jmri.2012.05.001.

Wasserthal J et al. Sep,, "TotalSegmentator: Robust Segmentation of 104
Anatomic Structures in CT Images, Radiology: Artificial Intelligence, vol. 5, no.
5,2023, https://doi.org/10.1148/ryai.230024.

Isensee F, Jaeger PF, Kohl SAA, Petersen J, Maier-Hein KH.'nnU-Net: a self-con-
figuring method for deep learning-based biomedical image segmentation,

27.

28.

Page 13 of 13

Nat Methods, vol. 18, no. 2, Art. no. 2, Feb. 2021, https://doi.org/10.1038/
$41592-020-01008-z.

Offersen BV, et al. ESTRO consensus guideline on target volume delineation
for elective radiation therapy of early stage breast cancer. Radiother Oncol.
Jan.2015;114(1):3-10. https://doi.org/10.1016/j.radonc.2014.11.030.

Pinter C, Lasso A, Fichtinger G.'Polymorph segmentation representation for
medical image computing, Computer Methods and Programs in Biomedicine,
vol. 171, pp. 19-26, Apr. 2019, https://doi.org/10.1016/j.cmpb.2019.02.011.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.21105/joss.05374
https://doi.org/10.54294/hmb052
https://doi.org/10.1016/j.mri.2012.05.001
https://doi.org/10.1148/ryai.230024
https://doi.org/10.1038/s41592-020-01008-z
https://doi.org/10.1038/s41592-020-01008-z
https://doi.org/10.1016/j.radonc.2014.11.030
https://doi.org/10.1016/j.cmpb.2019.02.011

	﻿An interactive 3D atlas of sentinel lymph nodes in breast cancer developed using SPECT/CT
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Patient data
	﻿Statistical analysis
	﻿Drainage probabilities
	﻿Tumour prevalence


	﻿3D SLN atlas development
	﻿Registration and segmentation
	﻿ESTRO CTV coverage

	﻿Interactive graphical user interface
	﻿Results


