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 A B S T R A C T

Background and purpose: Anatomical landmarks are often used to assess the quality of a deformable image 
registration (DIR) between two scans. However, such landmarks are manually placed on both scans, which 
is prone to observer variability. We analyzed the interobserver variability of the placement of corresponding 
landmarks on pelvic scans, to provide context for DIR validation studies that use landmarks as a reference.
Material and Methods: Pelvic CT and MRI scans of nine cervical cancer patients were distributed to 17 
observers. Three annotation settings were considered, each including scan pairs of five patients: CT-CT (13 
observers), MRI-CT (eight observers), and MRI-MRI (eight observers). The observer group consisted of 15 RTTs 
professionally trained in working with scans of the given modality, and two fourth-year Ph.D. students in the 
domain. During annotation, observers received the same reference scan of each patient with 23 anatomically 
relevant, pre-annotated landmarks, and were asked to annotate the corresponding location of each reference 
landmark on a second scan of the same patient. To quantify the interobserver variability between different 
landmark placements on the same patient scan, their geometric median was used to approximate the true 
corresponding landmark location.
Results: Placements of landmarks on soft tissue for all patients deviated from their geometric median by 
a median 3D Euclidean distance of 3.0 mm (CT-CT), 5.6 mm (MRI-CT), and 2.6 mm (MRI-MRI). On bony 
anatomy, variability was significantly lower. Overall, variability was positively correlated with the deformation 
magnitude in the region.
Conclusions: There is large interobserver variability in anatomical landmark placements on pelvic CT 
and MRI scans. Variability frequently exceeds voxel size, challenging the AAPM guideline recommending 
landmark-based DIR quality assessment.
Introduction

Modern radiation treatment involves several image acquisitions 
before, during, and after treatment. For these acquisitions, different 
medical imaging modalities are used, such as CT and MRI. Several 
promising applications in radiation treatment have emerged which 
require the transfer of information between two acquired imaging 
scans of the patient, such as contour propagation, dose accumulation, 
and treatment plan adaptation [1–3]. These applications all require 
deformable image registration (DIR) to provide a spatial correspon-
dence between the two scans. In many applications, these scans may 
have been acquired using differing imaging modalities, requiring a 
multi-modal DIR [3].

Finding a transformation which defines a spatial correspondence 
between scans is considered especially challenging in the case of large, 

∗ Corresponding author.
E-mail addresses: G.Andreadis@lumc.nl (G. Andreadis), T.Alderliesten@lumc.nl (T. Alderliesten).

local deformations and content mismatch [4,5]. Furthermore, valida-
tion and quality assurance of DIR transformations is hampered by the 
lack of a known ground truth transformation, which the DIR should 
approximate. A common quality measure for DIRs involves the manual 
annotation of anatomical landmarks [3,6,7]. Such landmarks are placed 
at anatomically relevant sites on both scans to measure the registration 
accuracy at these locations. However, manual placement of landmarks 
is prone to interobserver variability, which could impact their validity 
as a quality measure.

Interobserver variability has been studied for annotation tasks of 
various structures, such as target volumes [8–10], blood vessels [11], 
and organs at risk (OARs) [12,13]. Although variability of landmark an-
notations has also been investigated, existing studies either are limited 
to anatomical sites with small deformations [14,15], only report sec-
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Table 1
Listing of all anatomical landmarks included in this study. For each landmark, we indicate whether it is 
located on bony anatomy (or on soft tissue), and on which reference modality it is defined. Those on CT 
are used in CT-CT annotation, those on MRI are used both for MRI-CT and MRI-MRI annotation.
 ID Description Bony Ref. modality
 anatomy CT MRI  
 L01 os coccygis ✓ ✓ ✓  
 L02 medial tip of trochanter minor right ✓ ✓  
 L03 medial tip of trochanter minor left ✓ ✓  
 L04 most caudal and dorsal point of lumbar vertebra 3 ✓ ✓  
 L05 most caudal and ventral point of lumbar vertebra 3 ✓ ✓  
 L06 most caudal and dorsal point of lumbar vertebra 5 ✓ ✓  
 L07 most caudal and ventral point of lumbar vertebra 5 ✓ ✓  
 L08 most ventral intersection of S1 and S2 ✓ ✓  
 L09 most ventral intersection of S2 and S3 ✓ ✓  
 L10 most ventral intersection of S3 and S4 ✓ ✓  
 L11 anterior superior border symphysis ✓ ✓  
 L12 posterior inferior border symphysis ✓ ✓  
 L13 femur head right ✓ ✓  
 L14 femur head left ✓ ✓  
 L15 acetabulum right ✓ ✓  
 L16 acetabulum left ✓ ✓  
 L17 caudal tip of the right kidney ✓  
 L18 caudal tip of the left kidney ✓  
 L19 umbilicus ✓  
 L20 bifurcation of the aorta ✓  
 L21 bifurcation of the vena iliaca communis right ✓  
 L22 bifurcation of the vena iliaca communis left ✓  
 L23 bifurcation of the artery iliaca communis right ✓  
 L24 bifurcation of the artery iliaca communis left ✓  
 L25 external anal sphincter ✓  
 L26 internal anal sphincter ✓ ✓  
 L27 internal urethral ostium ✓ ✓  
 L28 external urethral ostium ✓ ✓  
 L29 ureteral ostium right ✓ ✓  
 L30 ureteral ostium left ✓ ✓  
 L31 uterus top ✓ ✓  
 L32 cervical ostium externum ✓ ✓  
 L33 uterine isthmus ✓  
 L34 intrauterine canal top ✓  
 L35 ligament rotundum right ✓  
 L36 ligament rotundum left ✓  
 L37 right entrance of uterine artery in cervix ✓  
 L38 left entrance of uterine artery in cervix ✓  
ondary variability outcomes derived from landmark placements, such 
as the accuracy of landmark-based rigid registration [6,16–19], only 
investigate intraobserver variability over time [20,21], or only include 
two observers and therefore lack statistical power [22,23]. Moreover, 
the impact of different imaging modalities on landmark variability has 
not yet been investigated. Consequently, validation studies which use 
anatomical landmarks to assess DIR quality, lack a reliable quantitative 
variability estimate. Although there are guidelines for quality control 
of clinical DIR applications [3], the quality impact of interobserver 
landmark variability has not been sufficiently explored. In this study, 
we therefore aim to quantify and analyze this variability on pelvic 
CT and MRI scans that feature large, local deformations and content 
mismatch, in both single- and multi-modality settings.

Material and methods

Patients

CT and MRI scans of nine cervical cancer patients previously treated 
at the department of Radiation Oncology at the Leiden University Medi-
cal Center (NL) were included. The responsible Medical Research Ethics 
Committee determined that the Medical Research Involving Human 
Subjects Act (WMO) does not apply to this retrospective study. Patients 
were treated between 2019 and 2020 according to EMBRACE-II criteria 
and aged 51 years on average at the time of treatment, ranging between 
31 and 74 years. Further details are provided in Appendix A.
2

Annotation task

A retrospective observer study was initiated to measure interob-
server variability of anatomical landmark placements. The task was 
defined as follows: given a reference scan with up to 23 anatomically 
relevant landmarks already visibly annotated (see Table  1 and Fig.  1), 
identify the corresponding location of each reference landmark on a 
second scan of the same patient. The reference set of anatomical land-
marks was annotated by an experienced radiation therapy technologist 
(RTT, co-author W.G.) and verified by a radiation oncologist specialized 
in gynaecological tumours (co-author S.M.B.). Observers were provided 
with the annotation protocol used for the reference landmarks (see Ap-
pendix B). During annotation, observers also recorded their confidence 
for each placement on a three-level scale: certain, small uncertainty, 
and large uncertainty. After annotation, placements were reviewed for 
protocol conformity. Annotation was performed using the RayStation 
v10B treatment planning system (RaySearch Laboratories, Stockholm, 
Sweden).

Observers

A group of 17 observers, consisting of 15 RTTs and two researchers, 
participated in this study. All RTTs are professionally trained in work-
ing with scans of the given modality, with at least three years of 
experience. The two participating researchers (one of which is author 
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(a) All 23 CT landmarks on translucent coronal (left) and sagittal (right) slice projections.

(b) All 23 MRI landmarks on translucent coronal (left) and sagittal (right) slice projections.

Fig. 1. Locations of all defined landmarks on the reference scan of a patient, for both tested modalities (see (a) for CT and (b) for MRI). The color of each 
landmark indicates whether it is on bony anatomy (blue) or soft tissue structures (red). (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.)
G.A.) are not formally trained, but are fourth-year Ph.D. students in the 
domain. Additional details are listed in Appendix A.

Modalities

The influence of imaging modality on interobserver variability was 
examined by dividing the study into two groups. In one group, ob-
servers were provided with a reference CT scan and tasked with an-
notating another CT scan of the same patient. This modality pair is 
referred to as ‘‘CT-CT’’. In the other group, observers were provided 
with a reference MRI scan and tasked with annotating both an MRI 
scan (‘‘MRI-MRI’’) and a CT scan (‘‘MRI-CT’’) of the same patient. For 
each study group, anatomical landmarks were defined which are clearly 
identifiable on the reference modality, based on existing specifications 
by a radiation oncologist of anatomical locations relevant to cervical 
cancer radiation treatment [24,25].

CT as reference modality
In the study group with CT as the reference modality, five patients 

were included. Two pelvic CT scans, acquired for external beam radi-
ation treatment (EBRT) planning purposes, were used per patient. A 
3

CT scan with a full bladder was used as the reference, while a scan 
of the same patient with an empty bladder, acquired shortly after the 
reference scan, was annotated by the observers. The patients were 
selected to represent diverse bladder volumes and volume-differentials 
between scan pairs (see Appendix A.1). A reference set of 23 anatomi-
cally relevant landmarks was defined, with seven landmarks located on 
bony anatomy and 16 on soft tissue structures (see Fig.  1(a) and Table 
1). Of the 17 observers, 13 participated in this group, of which 11 are 
RTTs and two are researchers.

MRI as reference modality
In the study group with MRI as the reference modality, five patients 

were included, one of which (P05) had also been included in the CT 
group. Two pelvic scans were used per patient MRI1 and MRI2, each 
acquired for treatment planning after implantation of a brachytherapy 
applicator and interstitial needles (if applicable). MRI1 was used for 
planning fractions 1 and 2, while MRI2 was used for planning fractions 
3 and 4. Patients were randomly selected from a set of recently treated 
patients, all treated with the same applicator type. A reference set of 
23 anatomically relevant landmarks was defined for these MRI scans, 
with 10 landmarks on bony anatomy and 13 on soft tissue structures 
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(see Fig.  1(b) and Table  1). Eight of these landmarks were also present 
in the CT landmark set. Of the 17 observers, eight participated in this 
group, of which six are RTTs and two are researchers. Two of the RTTs 
only partially participated: one only annotated P06 and P07, and one 
only annotated P09.

Imaging

The CT scans were acquired with a Philips Brilliance Big Bore 
120 kV  scanner, with a slice thickness of 3 mm and in-slice reso-
lutions between (0.86, 0.86) mm and (1.08, 1.08) mm. The MRI scans 
were acquired with a Philips Ingenia 1.5 Tesla T2-weighted TSE scan-
ner, with a slice thickness of 4 mm and in-slice resolutions of either 
(0.42, 0.42) mm or (0.53, 0.53) mm (only the axial MRI sequence was 
used). Each scan pair was rigidly registered before annotation. Further 
details on imaging procedure are provided in Appendix A.4.

Quantification of interobserver variability

To quantify the interobserver variability of a landmark, we consider 
different placements of that landmark on one scan of a patient. As 
the ‘‘true’’ corresponding landmark location is not known, we use 
the geometric median of placements as an approximation. This is the 
placement that minimizes the sum of Euclidean distances to other 
placements, making the measure more robust to outliers than the 
coordinate-wise median of placements. We compute the interobserver 
variability of a particular landmark by measuring all placement dis-
tances to the geometric median, both in 3D and in separate orthogonal 
dimensions. The 3D distance of a placement to its geometric median 
can then be interpreted as its ‘‘accuracy’’.

Statistical analysis

Given the distributions of distances between placements and their 
respective geometric medians, we perform a set of Mann–Whitney U 
tests. We test for differences between landmark variability on bony 
anatomy and on soft tissue, for all modality pairs. Moreover, we 
perform pairwise tests between the overall landmark variability distri-
butions of all modality pairs. We also test if observer confidence differs 
between modality pairs. In addition to these tests, we perform a set 
of Spearman rank-order correlation coefficient tests for each modality 
pair to examine correlations between placement distances and other 
study variables. Firstly, we test for correlation with the magnitude of 
deformation associated with the landmarked region, by considering the 
distance between the reference location of a landmark on one scan and 
the geometric median of observer placements on the other. Secondly, 
we test for correlation with the observer-reported confidence, to assess 
if observers reliably estimate their own accuracy. Finally, we test for 
correlation with the formal training of observers, and their years of 
experience. For all statistical tests, we use an alpha level of 0.05 and 
Bonferroni correction where applicable. An overview of all tests and 
the number of data points used in each test is provided in Appendix C.

Results

While reviewing all landmark placements, we excluded outlier MRI-
CT placements of L09 and L10, as some observers confused adjacent 
vertebrae. We also observed potential misunderstandings of the L31 
landmark placement. In some patients, the uterus tilted ventrally and 
caudally between scans due to a change in bladder volume, causing 
the top of the uterus to become dislocated on the second scan, as 
shown in Figure D.13 Appendix D. Of the 13 observers in the CT study 
group, three placed the landmark at the absolute most cranial slice 
of the uterus regardless of its tilt. When asked for their reasoning, all 
three reported having misinterpreted the instruction for that landmark. 
To avoid skewing results, we excluded their CT-CT placements of this 
landmark across all patients.
4

Table 2
Overall interobserver variability for different modality pairs, across patients. 
The variability is measured by the distribution of distances from the geometric 
median of each landmark, with 23 landmarks and 5 patients defined per 
reference modality. The median and IQR is reported for each modality pair, 
landmark type (i.e., a landmark on bony anatomy or on soft tissue), and 
distance type (i.e., 3D, or one of the three dimensions).
 CT-CT MRI-CT MRI-MRI  

Variability of landmarks on bony anatomy [mm]
 Number of samples 𝑛 = 372 𝑛 = 280 𝑛 = 291  
 3D distance 1.4 ([0.8–2.5]) 1.5 ([0.7–3.0]) 0.9 ([0.5–2.9]) 
 Left–right 0.4 ([0.0–2.0]) 0.3 ([0.1–2.6]) 0.2 ([0.0–2.0]) 
 Anterior-posterior 0.6 ([0.2–1.1]) 0.5 ([0.1–1.0]) 0.4 ([0.1–0.9]) 
 Cranial-caudal 0.4 ([0.1–1.0]) 0.4 ([0.1–1.0]) 0.4 ([0.1–0.7]) 

Variability of landmarks on soft tissue [mm]
 Number of samples 𝑛 = 891 𝑛 = 414 𝑛 = 429  
 3D distance 3.0 ([1.4–5.7]) 5.6 ([2.8–10.7]) 2.6 ([0.7–5.0]) 
 Left–right 1.9 ([0.3–3.4]) 2.8 ([0.8–6.5]) 0.5 ([0.1–3.9]) 
 Anterior-posterior 1.2 ([0.5–2.9]) 2.4 ([0.8–5.5]) 0.9 ([0.3–2.3]) 
 Cranial-caudal 0.8 ([0.3–1.6]) 1.4 ([0.5–3.4]) 0.6 ([0.2–1.9]) 

The overall interobserver variability for each scan modality pair 
is shown in Table  2. We find that landmarks on bony anatomy are 
subject to significantly lower variability than landmarks on soft tissue, 
for all modality pairs (𝑝 < 0.001). For the full set of landmarks, 
median variability on MRI-MRI is significantly lower than on both other 
modality pairs (𝑝 < 0.001). Considering the results in Table  2, we 
observe the highest median variability of soft tissue placements in the 
MRI-CT setting. When the three dimensions are considered separately 
for the entire landmark set, we do not find a consistent relation between 
a dimension and the variability in it.

In Fig.  2, we aggregate the variability by landmark and modality 
pair. We give two examples in Fig.  3: in one, we observed a small 
variability (median of 1.7 mm, 𝑛 = 13), in the other, a large one 
(median of 9.9 mm, 𝑛 = 13). For all modality pairs, variability tends 
to significantly increase (𝑝 < 0.001) when the 3D Euclidean distance 
between a landmark’s geometric median on one scan and its reference 
point on the other increases, i.e., the magnitude of deformation in 
the region. We provide a histogram-like overview of the placement 
variability of each landmark per modality pair across patients, in Figure 
D.12 Appendix D.

In Fig.  4, we aggregate the interobserver variability of landmarks by 
patient and modality pair. Variability strongly differs between patients, 
indicating some may be more difficult to annotate than others. For 
example, on CT-CT, there is a median variability across landmarks 
of 3.1 mm on P02 (𝑛 = 218), but just 2.1 mm on P05 (𝑛 = 230). 
There also appear large differences between landmarks: While some 
are consistently placed within a small margin of variability (e.g., L08), 
other landmarks have outlier placements at a distance of over 50 mm 
from the geometric median, mainly in the MRI-CT annotation setting 
(e.g., L38). These extreme outliers only occur in soft tissue land-
mark placements, with the less severe outlier of bone landmark L01 
attributable to poor bone-tissue contrast. On the landmarks shared 
across both CT and MRI modalities (L01 and L[26-32]), variability is 
consistently lowest in the MRI-MRI setting.

We find that an observer’s confidence about a landmark placement 
is negatively correlated with the distance of their placement from the 
respective geometric median (𝑝 < 0.001), indicating that observers often 
correctly assess their own placement accuracy. Correlation coefficients 
are −0.42, −0.52, and −0.36 for CT-CT, MRI-CT, and MRI-MRI, re-
spectively. In general, we find that observers are significantly more 
confident on MRI-MRI placements, compared to other modality pairs 
(𝑝 < 0.001). For all three modality pairs, we do not find a significant 
correlation between whether an observer was formally trained and 
their accuracy. Similarly, no significant correlation was found between 
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(a) Variability in placement of landmarks on bony anatomy, presented per landmark and modality setting.

(b) Variability in placement of landmarks on soft tissue, presented per landmark and modality setting.

Fig. 2. Interobserver variability of anatomical landmark placement grouped by landmarks, as placed on different modality pairs. Variability is captured by the 
absolute three-dimensional (3D) distances between observer placements and their geometric median. Distribution boxes extend from quartiles Q1 to Q3, with 
the median indicated by a line within the box. Whiskers show the furthest data points still within 1.5 IQR from either Q1 or Q3, and the remaining points are 
indicated as outliers.
the number of years of experience of an observer and their accuracy 
for MRI-CT and MRI-MRI annotations, and only a weak correlation 
(coefficient 0.08, 𝑝 = 0.003) for CT-CT annotations.

Discussion

Implications for DIR

We find large observer variability across landmarks, patients, and 
modalities. Several factors contribute to increased placement variability 
of certain landmarks. For example, landmarks in more heavily de-
formed regions are often more variable between observers. We also ob-
serve that the annotation task involving different modalities (MRI-CT) 
is especially susceptible to variability. In this task, the complementary 
tissue contrast of these modalities, as well as the content mismatch 
induced by the appearing applicator, complicates the matching of 
corresponding structures.

The large variability we find, exposes limitations of current image-
based DIR validation practices, since these often rely on landmarks as 
a reference. Precisely those landmarks that are most relevant to the 
validation of challenging DIR tasks, such as those on heavily deformed 
regions, multi-modal scans, and mismatched content, are often the 
most variable. Such regions are already inherently more susceptible 
to registration errors [6,26–28]. For clinical applications such as dose 
accumulation, voxel-level accuracy can be critical. However, the ac-
curacy of a registration can only be measured to this level if the 
landmark accuracy is known and sufficient. Existing guidelines claim 
the uncertainty of a landmark is ‘‘typically less than the voxel size’’ [3], 
but our findings challenge this claim. On each tested modality pair, the 
mean variability of several soft tissue landmarks exceeds the scan voxel 
size (see Figure D.12), bearing consequence for the use of landmarks 
as DIR reference. In Appendix E, we compare our findings to the 
interobserver variability reported in related work.
5

Potential limitations

There are potential limitations to this study. Firstly, the task def-
inition may impact the outcome: observers were given an annotated 
reference scan and only annotated the second scan of a patient. In 
practice, observers annotate both scans simultaneously, possibly affect-
ing interobserver variability. However, having observers annotate both 
scans would not allow for direct measurement of variability, as the 
reference locations of landmarks would differ. Furthermore, emphasis 
was placed in the protocol on finding the corresponding location of a 
reference location, which could differ from the observer’s own interpre-
tation of the landmark on both scans. Additionally, the task definition 
used in this study limits our ability to compare our variability results 
with those reported in studies using different methodologies.

Secondly, the anatomical region and specification of landmarks may 
impact the measured variability. It is unclear whether the variability 
in this anatomical region generalizes to other regions. Furthermore, 
the landmark set specifications and observer groups may impact the 
measured variability comparison between different modalities, as both 
differ between modalities. However, we argue that the landmark sets 
are representative for their modality, both in terms of deformation 
magnitude and tissue structures, and that the number of observers in 
both study groups is sufficiently large to support a comparison.

Thirdly, scan characteristics may impact the outcome. For example, 
local motion artifacts may complicate placement in certain instances. 
Moreover, only one out of three orthogonal MRI sequences was pro-
vided to observers. Additional sequences may have helped further 
reduce variability, but were not retrospectively available. Furthermore, 
the use of contrast agent was tailored to each patient, which may 
impact inter-patient variability of landmarks placed close to areas with 
enhanced contrast.
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(a) A landmark where low interobserver 
variability (median of 1.7 mm, 𝑛 = 13) was 
observed: L07, the most caudal and ventral 
point of lumbar vertebra 5 (sagittal view).

  
(b) A landmark where high interobserver variability (median of 9.9 mm, 
𝑛 = 13) was observed: L29, the right ureteral ostium (axial view).

 

Fig. 3. Two examples of landmarks placed by observers, during CT-CT annotation of patient P02. The geometric median is indicated in green, while the remaining 
landmarks are colored according to their deviation from the geometric median in the dimension orthogonal to the slice plane. The slice shown is the slice in 
which the geometric median is located. A zoomed-in view is provided, with three-fold magnification.
(a) Variability in placement of landmarks on bony anatomy, presented per patient and modality setting.

(b) Variability in placement of landmarks on soft tissue, presented per patient and modality setting.

Fig. 4. Interobserver variability of anatomical landmark placement grouped by patients, as placed on different modality pairs. Variability is captured by the absolute 
three-dimensional (3D) distances between observer placements and their geometric median. Distribution boxes extend from quartiles Q1 to Q3, with the median 
indicated by a line within the box. Whiskers show the furthest data points still within 1.5 IQR from either Q1 or Q3, and the remaining points are indicated as 
outliers.
Lastly, the fractions of trained and untrained observers differ be-
tween the study groups. The MRI group had a larger untrained frac-
tion than the CT group. However, as observer expertise has proven 
uncorrelated with accuracy, this likely does not limit validity.
6

Future directions

Our findings provide important context to landmark-based DIR val-
idation efforts. The reported interobserver variability could provide a 
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lower bound for a meaningfully achievable level of accuracy, enhancing 
the interpretation of validation outcomes. Furthermore, the ‘‘crowd 
wisdom’’ emerging from this study could help in establishing a more 
reliable set of corresponding landmarks for a given context. We have 
therefore published a dataset of the imaging data used in this study 
together with the landmark placements.1

Future research could investigate other anatomical sites and ob-
server groups. Moreover, one could explore whether algorithms for 
corresponding landmark generation [24] can be adapted to tailor their 
location-agnostic landmarks to specific anatomical sites, potentially 
enabling a study of human and algorithmic observer variability. An-
other promising research line is the development of virtual deformable 
phantoms [3,29], forming a controllable virtual environment. While 
landmarks can inherently only provide point-wise ground truths, virtual 
phantoms have the potential to address this shortcoming by providing 
a fully known deformation.

Conclusion

We conclude that there is large interobserver variability in anatom-
ical landmark placement on pelvic CT and MRI scans. This holds 
especially for landmarks in heavily deformed regions, which are also 
the most important for DIR validation. In many cases, the observed vari-
ability far exceeds the voxel size, across all scan modality combinations 
tested. Our findings thereby challenge the prevailing assumptions about 
the reliability of anatomical landmarks for DIR validation. This can 
bear consequences for past and future validation efforts, as validation 
outcomes can only be meaningfully interpreted when the landmark 
variability is both known and acceptably low for the imaging modalities 
and anatomical sites involved.
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