Taylor & Francis
Taylor & Francis Group

Computer Assisted Surgery

ISSN: (Print) 2469-9322 (Online) Journal homepage: http://www.tandfonline.com/loi/icsu21

Patient-specific modeling of the trochlear
morphologic anomalies by means of hyperbolic
paraboloids

Pietro Cerveri, Guido Baroni, Norberto Confalonieri & Alfonso Manzotti

To cite this article: Pietro Cerveri, Guido Baroni, Norberto Confalonieri & Alfonso
Manzotti (2016) Patient-specific modeling of the trochlear morphologic anomalies
by means of hyperbolic paraboloids, Computer Assisted Surgery, 21:1, 29-38, DOI:
10.1080/24699322.2016.1178330

To link to this article: http://dx.doi.org/10.1080/24699322.2016.1178330

8 © 2016 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group.

ﬁ Published online: 27 Apr 2016.

\]
[:1/ Submit your article to this journal &

||I| Article views: 37

A
h View related articles &'

@ View Crossmark data &'

o
£
£

B

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=icsu21

(Download by: [94.242.222.23] Date: 09 June 2016, At: 21:51 )



http://www.tandfonline.com/action/journalInformation?journalCode=icsu21
http://www.tandfonline.com/loi/icsu21
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/24699322.2016.1178330
http://dx.doi.org/10.1080/24699322.2016.1178330
http://www.tandfonline.com/action/authorSubmission?journalCode=icsu21&page=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=icsu21&page=instructions
http://www.tandfonline.com/doi/mlt/10.1080/24699322.2016.1178330
http://www.tandfonline.com/doi/mlt/10.1080/24699322.2016.1178330
http://crossmark.crossref.org/dialog/?doi=10.1080/24699322.2016.1178330&domain=pdf&date_stamp=2016-04-27
http://crossmark.crossref.org/dialog/?doi=10.1080/24699322.2016.1178330&domain=pdf&date_stamp=2016-04-27

Computer Assisted Surgery 2016.21:29-38.

COMPUTER ASSISTED SURGERY, 2016
VOL. 21, NO. 1, 29-38
http://dx.doi.org/10.1080/24699322.2016.1178330

Taylor & Francis
Taylor &Francis Group

RESEARCH ARTICLE

3 OPEN ACCESS

Patient-specific modeling of the trochlear morphologic anomalies by means

of hyperbolic paraboloids

Pietro Cerveri®, Guido Baroni®, Norberto Confalonieri® and Alfonso Manzotti

3Department of Electronics, Information and Bioengineering, Politecnico di Milano, Milan, Italy; Plst Orthopaedic Department, C.T.0.
Hospital, Istituti Clinici di Perfezionamento, Milan, Italy; “Orthoapedic and Traumatologic Department, Luigi Sacco Hospital, Milan, Italy

ABSTRACT

Diagnostic and therapeutic purposes are issuing pressing demands to improve the evaluation of
the dysplasia condition of the femoral trochlea. The traditional clinical assessment of the dyspla-
sia, based on Dejour classification, recognized 4 increasing (A, B, C, D) levels of severity. It has
been extensively questioned in the literature that this classification methodology can be defective
suggesting that quantitative measures can ensure more reliable criteria for the dysplasia severity
assessment. This study reports on a novel technique to model the trochlear surface (TS), digitally
reconstructed by 3D volumetric imaging, using three hyperbolic paraboloids (HP), one to describe
the global trochlear aspect, two to represent the local aspects of the medial and lateral compart-
ments, respectively. Results on a cohort of 43 patients, affected by aspecific anterior knee pain,
demonstrate the consistency of the estimated model parameters with the morphologic aspect of
the TS. The obtained small fitting error (on average lower than 0.80 mm) demonstrated that the
ventral aspect of the trochlear morphology can be modeled with high accuracy by HPs. We also
showed that HP modeling provides a continuous representation of morphologic variations in
shape parameter space while we found that similar morphologic anomalies of the trochlear
aspect are actually attributed to different severity grades in the Dejour classification. This finding
is in agreement with recent works in the literature reporting that morphometric parameters can
only optimistically be used to discriminate between the Grade A and the remaining three grades.
In conclusion, we can assert that the proposed methodology is a further step toward modeling
of anatomical surfaces that can be used to quantify deviations to normality on a patient-specific
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basis.

Introduction

Diagnostic and therapeutic purposes are issuing press-
ing demands to improve the clinical evaluation of the
femoral trochlea morphology anomalies (e.g. trochlear
dysplasia) that can potentially lead to arthrosis and
knee instability. From a diagnostic point of view,
understanding how morphologic variations correlate
with disease can help clinicians to identify risk factors
for the setting of cartilage lesions at patella-femur
interface.[1-3] This information has been acknowl-
edged to be beneficial in preventing and treating
patellofemoral disorders.[4,5] From a surgical point of
view, the extent of the morphologic variations is deter-
minant for the selection of the optimal implant in
trochleoplasty interventions.[6-10] Evaluating the mor-
phologic deviations to normality is however compli-
cated by the fact that the three-dimensional (3D)

geometric profile of the trochlea is extremely complex
and sensibly varies amongst individuals.[11-13]

One of the most applied clinical approach to score
the morphologic anomalies of the trochlear surface (TS)
is based on the Dejour classification, which encom-
passes four different qualitative Grades (A, B, C, D) of
increasing severity.[14,15] Based on radiological assess-
ment, the evaluation is performed by means of clinical
signs, such as the shape of the groove, the roundness of
the two facets and their absolute and relative sizes.
Specifically, the four grades encode the ‘shallow troch-
lear groove’, ‘flat trochlea’, ‘medial hypoplasia with
potential lateral convexity’, and ‘excessive asymmetry of
the trochlear facets’, respectively. However, this grading
has been extensively questioned in the literature due to
difficulty in clustering the large variability of the mor-
phologic anomalies into such specific classes,
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suggesting that morphometric measures can yield more
reliable criteria to score the anomaly degree.[2,16,17]
Morphometric parameters, such as the trochlear
depth, the sulcus angle, the lateral trochlear facet
inclination and the trochlear facet asymmetry ratio,
to cite the most relevant, are based on anatomical
landmarks  manually  digitized in  computed
tomography (CT) and magnetic resonance (MR)
images.[12,18-21] The use of such parameters have
been criticized as well because of difficulties in the
precise localization of landmarks, especially in case of
large morphologic deviations,[20] dependency on the
adopted measurement protocol [2,517] and inter-
observer variability.[22] These issues further complicate
the definition of absolute cut-off values adopted to dis-
criminate between normal and abnormal morphologies
and even to identify different severity grades.[5,23,24]
From this background, the manuscript presents a
novel modeling technique of the trochlear geometry
based on hyperbolic paraboloids (HP). It allows for a
synthetic description of the 3D trochlear shape in
terms of four parameters which represent the round-
ness of overall shape and medial and lateral compart-
ments. The work aims at showing that similar
morphologic anomalies, encoded by homogeneous HP
parameters, are actually identified with different grades
of Dejour dysplastic severity, thus restating that the
difference among the grades, according to qualitative
signs of the trochlear aspect, cannot be simply
mapped to monotonic variations of morphometric
parameters as recently hypothesized in the litera-
ture[15,16] Distal femur surfaces of symptomatic
patients (aspecific anterior knee pain) were retrospect-
ively included in this study to verify the hypothesis.

Materials and methods
Distal femur surface dataset

The distal femur surface dataset of forty-three patients
(21 males, 22 females; mean age 56; age range 25-74
years) was reconstructed from diagnostic CT scans,
acquired at the CTO Hospital (Orthopedic Trauma
Centre) in Milan (ltaly) from May 2011 to October
2012. The patients were selected based on aspecific
anterior knee pain, no previous interventions, no patel-
lofemoral instability, and International Cartilage Repair
Society (ICRS) grade <2.[5] All the patients were clinic-
ally reviewed by one expert orthopedic surgeon and
one radiology expert. From the clinical analysis, 23
patients did not show any pathologic signs of the TS
(normal group) whereas 20 patients were indicated
with trochlear abnormalities in the first three over the

four grades of the Dejour classification (abnormal
group). 4, 5 and 11 patients were classified with
Grades A, B, and C, respectively. No patient was classi-
fied with D grade. The study was approved by the CTO
hospital Institutional Review Board.

Every image dataset, running approximately from
the distal femur to the proximal tibia, was acquired
through a 6-slice CT scanner Siemens Emotion featur-
ing a resolution of 512 x 512 pixels (pixel size from
0.25x0.25mm to 0.5x0.5mm) and an axial range
between 1 and 2mm. An expert radiological operator
performed the manual segmentation to extract the
bony profiles and reconstruct the triangular surface
mesh of the distal femur using the Amira software
(VSG|FEI Visualization Sciences Group, Hillsboro, OR,
USA). Osteophytes and articular cartilages were not
included in the segmentation process. The recon-
structed distal femur surfaces had approximately
145,000 faces on average. The distal femur surfaces
were smoothed and under-sampled up to 10,000 faces,
keeping high the surface quality. On average, through-
out the patient dataset, the root mean squared differ-
ence between the original segmented femur surfaces
and the smoothed surfaces was lower than 0.4 mm. All
the surfaces were aligned using rigid registration [4] to
the first surface considered as the reference
model. The average medio-lateral (frontal plane) and
anterior—posterior (sagittal plane) sizes of the distal
femur models were 8.3 +£0.6cm (max: 9.3, min: 6.9) and
6.8+ 0.5cm (max: 8.4, min: 5.7), respectively.

Trochlear surface segmentation

The procedure to extract the TS from 3D models of
the femur stems from an earlier technique in the litera-
ture,[25-27] which exploits the bony surface curvature
to find reliable anatomical region boundaries. Such a
technique was demonstrated able to automatically cut
apart the trochlear groove from the distal femur sur-
face.[28] In the present work, we extended the tech-
nique to extract the overall TS, including the ventral
aspect of the two facets. The method is based on
three essential geometric landmarks, namely the most
anterior lateral point (MALP), the most anterior medial
point (MAMP), and the deepest point on the trochlear
groove (DPTG). MALP and MAMP were both deter-
mined as the points at maximum anterior
distance from the posterior condylar plane (PCP)
(Figure 1). For each surface model, the PCP was
automatically computed by a custom optimization pro-
cedure, which maximizes the similarity between the
cross-sections of the two condyles given by the
PCP.[27] DPTG was computed as the most interior
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point on the cross-section curve through MALP and
MAMP, obtained by clipping the distal femur surface
through the axial plane (CT scan plane) passing
through MALP.

The clipping plane Tl passing through DPTG and
parallel to the principal direction of the trochlear
groove,[28] provided the curve of the trochlear groove
(Figure 2(a)). The curve was processed to detect the
posterior intercondylar notch (PIN), featuring the min-
imum (negative) (mean-shifted) curvature.[27] The dis-
tal intercondylar notch (DIN) was then chosen as the
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first point, along the curve, having positive curvature
when traversing the curve from posterior to anterior
direction starting from PIN. The TS was then obtained
by clipping the overall distal femur surface with three
planes, namely the axial plane (CT scan plane) passing
through the MALP, the plane orthogonal to the axial
plane containing the line DIN-MALP and the plane
orthogonal to the axial plane containing the line DIN-
MAMP (Figure 2(b)). On average, throughout the 43
patients, the TS was represented by approximately 350
points. The medial and lateral parts were attained by
clipping the entire TS plane with the plane I, used to
identify the curve of the trochlear groove.

Trochlear surface modeling through hyperbolic
paraboloids

The modeling was carried out in two steps. In the first
step, a HP was fit to the overall TS to capture its global
roundness (Figure 3(a) and (b)). In the second step, in
order to model the medial and lateral facets separately,
two local hemi-HPs were taken into account (Figure
3(c) and (d)). Considering the canonical equation of
the HP z:;—i—i—i, this can be generalized in matrix
form including the rotation matrix R and the transla-
tion vector t =[x, ¥, zo]T as:

TRT
(output) PRARp+g-p=0 M
MALP, MAMP, DPTG where
— S
. . . T
Figure 1. Chart of the automatic algorithm to compute the P=[X—X Y—Yo Z—2] ()
segmentation of the most anterior lateral and medial points,
along with the deepest point of the trochlear groove.
(@) -
MAMP
-'lii!h.
| e
R

Axial plane through MALP

Clipping plane ﬁc

Figure 2. Posterior and distal intercoldylar notch points on the internal trochlear region (a). The ventral aspect of the trochlear sur-

face segmented on the distal femur surface (b).
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(b)

Figure 3. Lateral and medial sides of the trochlear surface (a). HP modeling of the overall trochlear surface (b). Medial HP modeling
(c). Lateral HP modeling (d). Medial and lateral HPs share the location, the orientation and the b, factor.

g=[0 0 —1] ()

In this representation, the HP is completely
described by 8 parameters, namely 3 rotation parame-
ters, 3 translation parameters and 2 canonical form fac-
tors (a, b). Parameters a and b can be regarded as the
roundness features of the shape. Without lack of gen-
erality, in our case a encodes the roundness in medio-
lateral direction whereas b encodes the roundness in
antero-posterior direction. The greater the value, of
both a and b, the lower the roundness is. as and bg
parameters encode the roundness of the global HP.
For the two local HPs, a,, and a;; encode the round-
ness in medial-lateral direction of the medial and the
lateral trochlear facets, respectively. By formulation, the
increase of the value a;, (a;) corresponds to a
decrease of the medial (lateral) facet roundness and

vice-versa. The two local HPs share the same b,
parameter.

The HP parameters (a, b) are not scale invariant.
When applying an isotropic scaling transform s to TS,
the estimated parameters approximately vary with
squared root of s. This means that the differences,
across the patients, of the estimated parameters can
be affected by the absolute size of the distal femur. In
order to remove this bias, assuming that the most rele-
vant dimension is the medial-lateral size and taking
the first femur surface as a reference, each femur sur-
face was scaled by the ratio between its medial-lateral
size and that one of the reference surface.

The HP fitting problem was solved starting from an
initial guess of the 8 parameters computed by closed-
form solution in the least-square sense.[7] Then, the
parameters were refined using a custom-made iterative
optimization algorithm, based on evolution strat-
egies.[25] Residual fitting errors were measured for glo-
bal and local HPs by computing the distance
distributions of the surface points to the estimated
models. In order to evaluate the normal/abnormal clas-
sification ability of each HP parameter, a statistical ana-
lysis using a Wilcoxon rank sum test (p value <0.05)



Computer Assisted Surgery 2016.21:29-38.

COMPUTER ASSISTED SURGERY (&) 33

Table 1. Variations of the estimated global HP parameters as a function of the isotropic scaling applied to the sample trochlear

surface of the sample patients.

Patient #1 Patient #38
Isotropic scaling (%) dg bs E (mm) Adg (%) Abg (%) ag bg E (mm) Adg (%) Abg (%)
130 7.25 7.14 1.01 14.60 15.96 8.38 777 0.59 15.25 13.48
120 6.58 6.21 091 4.01 0.81 8.06 7.49 0.54 10.83 9.39
110 6.51 6.13 0.85 2.99 0.42 7.68 7.12 0.56 5.63 393
100 6.32 6.16 0.76 0.00 0.00 7.27 6.85 0.47 0.00 0.00
920 6.16 5.90 0.72 2.62 4.23 6.88 6.36 0.41 5.39 7.15
80 5.38 5.19 0.66 14.84 15.66 6.40 6.00 0.36 11.97 12.44
70 511 4.82 0.61 19.13 21.68 6.09 5.57 0.31 16.23 18.65
‘E’ is the fitting error of the global HP model.
as bg
9 9 -
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8t : 8t e
: T
7t 7t I :
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i |
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[ I }
5l : 5t : .
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DYSPLASTIC NORMAL DYSPLASTIC NORMAL

Figure 4. Box plots of the ag and b distributions for the two subgroups, dysplastic and normal. Median and lower-upper percen-

tiles are displayed.

was adopted. In case of significant differences, the
optimal classification cut-off value was attained by
maximizing the Youden index J on the corresponding
‘Receiver Operating Characteristic’ curve.[8]
Furthermore, in order to examine whether the Dejour
severity grades could be correlated with the HP param-
eter ranges, the abnormal subgroup (20 patients) was
further subdivided in three subgroups according to the
identified (A, B, C) grades. Kruskal-Wallis test (p value
<0.05) and Scheffe’ post-hoc comparison procedures
were applied for the analysis.

Results

Relation between HP parameters and
clinical-based classification

The variations of the estimated global HP parameters
as a function of the isotropic scaling applied to the TS
showed the dependency on the scale and justified the
scaling transform (Table 1). Scale variations of 30%
lead to parameter variations up to approximately 20%.

Small  residual errors (0.76+0.21Tmm) and
(0.54+0.15 mm) were found for the global and local
HP data fitting, respectively, demonstrating that the
ventral aspect of the trochlear facet features very well
a HP profile. The as (global medial-lateral roundness)

parameter distributions between the normal (ag,
healthy) and the abnormal (ag, dysplastic) groups, as
provided by the clinical-based classification, were stat-
istically different (p value = 1079). As expected, b; (glo-
bal anterior-posterior roundness) was unable to
significantly discriminate (p value >0.80) the trochlear
morphology of the normal and the abnormal groups
(Figure 4). The optimal (maximum Youden index) cut-
off value (6.4) for as ensured the best sensitivity
(Se=1) and high specificity (Sp =0.87). The (bs, ag)
plot emphasized the partition along the ag coordinate
(Figure 5). The decrease of the medial-lateral global
flatness was captured by a monotone increase of the
dc parameter (Figure 6). No significant (p value =0.38)
relation between ag and the three severity grades
could be detected though (Figure 7).

Both a;; (local lateral roundness) and a,,, (local med-
ial roundness) distributions between the normal and
the abnormal groups were not statistically different (p
value =0.48; p value =0.91), while the variability in
the abnormal group was sensibly higher than that of
the normal group for both a; and a,, parameters
(Figure 8). The normal morphology of the trochlea was
encoded into a narrow range of the medial (3.2-6.2)
and lateral (6.0-8.4) facet roundness, whereas the
abnormal morphology spanned lower and higher
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Figure 6. Five distal femur surfaces along with their corresponding as parameters. A monotonic increase of the parameter corre-

sponds to a decrease of the roundness of the trochlea.
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Figure 7. Box plots of the a; distributions of the three dysplas-
tic subgroups (left panel).

values of both a;; and a,,,. This result can be graphic-
ally appreciated in the (a;;, a;,) plot (Figure 9).

For the normal morphology, the lateral facet was
flatter, on average a;; = 7.2, than the medial one, on
average d,,, = 4.8. As far as abnormal morphology is
considered, the (a,, a;,) pair distribution was spread

mainly across two different sub-regions of the plane.
Remarkably, values of the a;; parameter higher (>8.5)
than the values of the normal subgroup were coupled
to low a;,, values, pretty similar to the values of the
normal subgroup. In contrast, lower (<7.2) a;; values
matched to a;,, values ranging from about 6.1 to 12.2.
As far as the severity grades are concerned, neither ay,
nor a,,, were able to discriminate among them (Figure
10) providing no statistical inter-grade differences
(p value =0.52; p value =0.76).

Consistency of the HP parameters with the
trochlear morphologies

In order to prove the consistency of the estimated
parameters of the HPs with the trochlear morpholo-
gies, we qualitatively compared such parameters to
the trochlear aspect of some relevant cases.
Considering as and bs parameters, convincing exam-
ples are reported in Figure 5. The bg parameter of
patient #17, being the highest value in the dataset,
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Figure 8. Box plots of the a;; and a,,, distributions for the two subgroups, dysplastic and normal. Median and lower-upper percen-

tiles are displayed.

was coherent with the flat anterior-posterior geometry
of the two condyles. Patient #23, diagnosed with C
grade, because of a major medial hypoplasia associ-
ated to an abnormal convexity of the lateral facet, fea-
tured the highest as; value. Remarkably, the same
patient featured the lowest bs value, morphologically
in agreement with the very marked anterior-posterior
roundness of the condyles. Patient #32 featured the
lowest a¢ value consistent with the marked roundness
of the trochlea in medial-lateral direction.

Considering a;; and a,,,, parameters, the greatest a;,
(minimum predicted lateral facet flatness) value was
attained for patient #10 (Grade B) whose TS had a pro-
nounced lateralization of the lateral facet with a con-
comitant flatness of the trochlear groove (Figure 8).
The trochlear geometry of the patient #36 (Grade C),
characterized by a very sharp lateral facet and a very
flat medial facet was consistently encoded by a small
a;; and the highest a,,, (Figure 8). The medial and lat-
eral geometries of patient #23 (Grade C) were encoded
by the smallest a;; and a pretty high a,,, in agreement
with the medial hypoplasia and the lateral facet con-
vexity (cfr. Figure 5). Different severity grades were
attributed to patients with similar (ay, a;,) pairs. For
instance, patients #2, #38, and #39 mainly featured a
flat lateral facet (Figure 8) and a reduced medial facet
which was interpreted as a hypoplasia for patients #38
and #39 (Grade C). Conversely, while being patient #41
scored with Grade C as well, the estimated local HP
parameters differed sensibly, especially a;,.

Discussion and conclusions
Main findings

The two main outcomes of this work can be summar-
ized as follows. First, the ventral aspect of the trochlear
morphology can be modeled with high accuracy by
HPs, both globally and locally for the medial and

Figure 9. a,,, versus a;; graph along with sample distal femur
surfaces. Blue dots indicate patients diagnosed with no
dysplasia.

lateral sides respectively, as ensured by the obtained
small fitting errors. Starting from the 3D surface of the
distal femur, the modeling is completely automatic.
The main advantage is that the model provides a con-
tinuous representation of morphologic variations in HP
parameter space taking into account the full geomet-
rical complexity of trochlea unlike the traditional mor-
phometric parameters, as the trochlear depth or the
sulcus angle, which basically encode the shape vari-
ation into a single axial plane.[2,16,17] This approach is
novel in the literature with respect to alternative 3D
techniques based on statistical shape models that in
contrast cannot easily correlated parameter variations
with specific morphologic features.[29,30] Second, we
found that similar morphologic anomalies of the troch-
lear aspect, as encoded by similar HP parameters, are
actually attributed to different severity grades in the
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Figure 10. Box plots of the a;; and a,,, distributions of the three dysplastic subgroups.

Dejour classification.[14] This finding is in agreement
with recent works in the literature reporting that mor-
phometric parameters can optimistically discriminate
between the Grade A and the three remaining
grades.[15,16] Equivalently, the Dejour classification
was shown to be meaningfully effective in separating
low-grade from high-grade cases. There are however
two main clinical issues that are not adequately
addressed by such a technique. First, in the intermedi-
ate cases, when the severity discrimination is unclear,
the treatment selection is not systematic, may require
additional clinical evaluations, and strongly founds on
the personal confidence and experience of the phys-
ician. For example, the separation between a mild
reduction of the trochlear depth (A) and a flat trochlea
is not straightforward as there can be an almost con-
tinuous variation in between the two. Also, the C
grade, identifying lateral convexity and medial hypo-
plasia, cannot be satisfactory in identifying cases of
evident medial hypoplasia but without a severe lateral
convexity. Second, the quantitative evaluation of the
morphologic anomaly could lead to elaborate new
prognostic methodologies (prediction of patellofemoral
instability) and corresponding new therapeutic strat-
egies. We confirmed that there is no direct agreement
among the severity grades of the trochlear dysplasia
and parameter distributions so that we can restate, in
agreement with the literature, that the severity
increase has not monotonic correspondence to
descriptive parameters of the trochlear morphology.
The proposed surface modeling was based upon
the 3D segmentation of the TS,[28] using the MAMP,
MALP, DPTG, and DIN landmarks to determine its
boundaries in medial-lateral and anterior-posterior
directions. As far as ag parameter is concerned, for our
dataset we found that it is a reliable index to classify
normal versus abnormal shapes with excellent sensitiv-
ity and good specificity (cfr. Figure 4). As a matter of
fact, however no explicit relation could be found

between ag and the three considered severity grades
(cfr. Figure 7). Considering the morphologies of healthy
TS, the estimated a;; and a;, values (cfr. Figure 8)
showed on average a slightly greater flatness of the
lateral than the medial facet in agreement with the
anatomical difference between the two facets.[11,12]
Specific results demonstrated robustness of these two
parameters in the description of similar geometries
and appropriate sensibility to discriminate even small
variations of facet curvature as well (cfr. Figure 9).
Considering the morphologies of abnormal TS, the
results of the estimated a;; and a,,, values could not
be directly used to discriminate among the severity
grades (cfr. Figure 10). Nonetheless, they allowed a
very consistent description of the two facets in agree-
ment with the visual aspect. For example, considering
Grade C subgroup, we found out that, in contrast to
what expected, the medial facet could be characterized
also by a convexity due to narrow and sharp facet (cfr.
Figure 9, Patient #38). As far as of Grade A is con-
cerned, results allows to come out with the consider-
ation that the Grade A (‘'shallow trochlea’) appears
more related to the overall flatness (small ag) than the
specific facet morphology.

Linking general hyperbolic paraboloid parameters
to morphologic anomalies of the TS

Considering the global HP, it can be argued that the
lower ag is the greater the trochlear groove flatness is.
For the local HPs, the normal trochlear morphology
(higher and wider lateral facet) should lead to approxi-
mately similar a,,, and a;; or a slightly increase of a;,
with respect to a;,, in agreement with the general
consensus that normal knees have deeper trochlear
grooves than abnormal ones, with higher trochlear
facet on the lateral side with respect to the medial
side. In case of severity Grade A, an increase of the ag,
with respect to a normal trochlea, and a corresponding
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similar increase of both a,,, and a,, can be expected.
This trend should be further evident in Grade B.
Special cases in this severity grade encompass the
increase of the lateral facet flatness and narrowing of
the prominence of the medial facet making its ventral
profile sharper. In such a case, a decrease of a;,, with
respect to a; is expected. A different kind of small
morphologic deviation of the trochlea encompasses
the narrowing of the groove with concomitant increase
of the sharpness of the ventral aspect of one, usually
lateral, or both facets. In such a case, classification of
the morphologic anomaly suffers from a certain degree
of uncertainty meaning that the trochlea cannot be
necessarily pathologic although the clinical signs can
be interpreted to either Grade A or Grade B. As far as
Grade C is concerned, while we can expect a further
increase of ag, the values of a;,, and a;, are deter-
mined by the specific geometry of the corresponding
facets. In case of medial hypoplasia without apparent
lateral convexity, we can expect that a,, increases
whereas a;; can be indistinct from the value of a nor-
mal or slightly flat facet. Conversely, the presence of a
lateral convexity should sensibly decrease the value of
a;;.. As shown for the dataset considered in this work,
most of the above features were consistently encoded
by HP parameters.

Final remarks

Some methodologic issues of the work have to be dis-
cussed. We first acknowledge that the anterior knee
pain is a generic clinical sign that has not direct correl-
ation with trochlear dysplasia. The idea of the experi-
mental validation over a set of knees with no specific
indication for dysplasia was motivated by two factors.
First, we did have available a few number of dysplastic
cases and in addition not homogenously distributed
across sex, age, and dysplastic grades (this will be
arranged for future works); second, we wanted to ana-
lyze whether the clinical evaluation of the trochlear
morphology using CT scans was in agreement with the
trochlear morphometry independently on the degree
of anomaly. Second, the small patient cohort can
reduce the extent of our findings. This is especially
relevant for the correlation between HP parameters
and dysplasia severity grades as less than 10 patients
were present in each subgroup (A, B, C) and no
patients were scored with D grade. Future investiga-
tions are aiming at increasing the population including
additional severe morphologic anomalies of the TS.
Third, we found that, when applying an isotropic scal-
ing transform s to TS, the estimated HP parameters
approximately vary with the squared root of s (cfr.

COMPUTER ASSISTED SURGERY (&) 37

Table 1). In order to cope with this issue, we applied a
priori an isotropic scale to all the surface models
accounting just for medial-lateral size. However, this
scale disregards the anterior—posterior variability in size
across the surfaces, this potentially introducing distor-
tion across two surface models that share similar anter-
ior shapes but dissimilar medial-lateral shapes. Next
development steps will take into account anisotropic
scales.

In conclusion, the proposed representation of the
ventral aspect of the TS, based on only three HP
parameters (dg, 4y, d;m), can monotonically encode
morphologic variations which can be associated with
increasing of the anomaly severity. From the dataset
considered in this work, we found a consistent linear
separation for the binary classification using a cut-off
for as equal to 6.4 expecting that increasing ag values
encode increasing severities. The parameters ag;; and
a,,» map the lateral and medial facet curvature provid-
ing information about the morphologic deviation to
normality likely associated with higher values of either
one or both parameters. We found that no linear sep-
aration can be defined to classify healthy against
abnormal TS surfaces in the (a;, a;,») plane while the
peculiar obtained distributions could be separated
using non-linear methods as the neural networks.
While higher values of both lateral and medial curva-
tures were shown to encode increasing morphologic
anomalies, similar combinations of the two values
could describe different severity grades in the trad-
itional classification method. While requiring further
analysis, this paradigmatic result can arise questions
about the reliability of traditional severity classification,
based on 2D morphological signs measured on X-ray
images, indicating both uncertainty in the grade defin-
ition and difficulty to manually discriminate the grades,
although performed by radiologic experts, as already
extensively reported in the literature.[31]
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