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Abstract

Background A variety of methods are used for estimating pi-
tuitary tumour size in clinical practice and in research.
Quantitative methods, such as maximum tumour dimension,
and qualitative methods, such as Hardy and Knosp grades, are
well established but do not give an accurate assessment of the
tumour volume. We therefore sought to compare existing
measures of pituitary tumours with more quantitative methods
of tumour volume estimation.

Method Magnetic resonance imaging was reviewed for 99
consecutive patients with pituitary adenomas awaiting surgery
between 2010 and 2013. Maximal tumour diameter, Hardy
and Knosp grades were compared with tumour volume esti-
mates by the ellipsoid equation, [§ (a.b.c) ], (i.e. ellipsoid
volume) and slice-by-slice perimetry (i.e. perimeter volume).
Results Ellipsoid and perimeter methods of tumour volume
estimation strongly correlated (R*=0.99, p<0.0001).
However the correlation was less strong with increasing tu-
mour size, with the ellipsoid method slightly underestimating.
The mean differences were —0.11 (95 % CI, —0.35, 0.14),
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—0.74 (95 % CI, 2.2, 0.74) and —1.4 (95 % CI, —6.4, 3.7)
for micro-tumours, macro-tumours and giant tumours respec-
tively. Tumour volume correlated with maximal diameter, fol-
lowing a cubic distribution. Correlations of tumour volume
with Hardy and Knosp grades was less strong.

Conclusions Perimeter and ellipsoid methods give a good es-
timation of tumour volume, whereas Knosp and Hardy grades
may offer other clinically relevant information, such as cav-
ernous sinus invasion or chiasmal compression. Thus the dif-
ferent methods of estimating tumour size are likely to have
different clinical utilities.

Keywords Pituitary tumour - Hardy grade - Knosp grade -
Ellipsoid volume - Perimeter volume - Planimetry - Volumetric
analysis - Magnetic resonance imaging

Introduction

Pituitary tumours are common intracranial lesions, with an
estimated prevalence of 10-17 % [3, 4]. Pituitary adenomas
are the commonest type of pituitary tumour and can present in
a variety of shapes and sizes. Most lesions are small and in-
consequential, but a proportion manifest with clinical symp-
toms and require intervention [14]. Symptoms usually devel-
op through changes in pituitary hormone function, compres-
sion of the optic chiasm or invasion into the cavernous sinus.
Magnetic resonance (MR) imaging is the mainstay of diagno-
sis and surveillance, including assessment of response to
treatment.

Various methods for reporting pituitary adenoma size and
shape exist. Current convention across oncology [RECIST
1.1] recommends that a maximal dimension is adequate for
the reporting of tumour size, and this is also commonplace in
the clinical management of pituitary tumours [2]. However,
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such simplicity comes with an accepted inaccuracy as changes
in tumour diameter have a cuboidal relationship with changes
in tumour volume [1]. Categorical systems, such as those de-
scribed by Hardy and Knosp, circumvent some of these lim-
itations by representing common patterns of pituitary tumour
growth and qualitatively indicating size. However, these are
rarely used clinically and instead are more common in the
research setting [5, 11].

Assessment of pituitary tumour volume is an attractive and
likely more accurate alternative [1]. Options of assessing pi-
tuitary tumour volume include estimation based on geometric
models, such as the ellipsoid equation [57 (a.b.c) ] or three-
dimensional (3D) segmentation using slice-by-slice perimetry
[7,13].

Our aim was to compare these methods of tumour volume
estimation in pituitary tumours and to consider their relation-
ship with the existing descriptive measures; namely, maximal
tumour diameter, Hardy grade and Knosp grade. To our
knowledge, this has not previously been considered.

Methods

Consecutive patients undergoing endoscopic trans-sphenoidal
surgery for a pituitary adenoma under a single neurosurgeon,
between 2010 and 2013 were identified from the departmental
database, compiled prospectively. Patient sex, age and tumour
histology were noted. Given the potential difficulty in identi-
fying residual tumour from postoperative changes on MR,
patients undergoing revision surgery were excluded in this
initial study.

Fig. 1 Pituitary tumour volume A
estimation. a The perimeter
method requires the tumour to be
outlined manually and by taking
the thickness of imaging slice, a
volume can be calculated [15].
The volume is then added
together for each slice. b The
ellipsoid method requires
maximal diameters to be recorded
in each dimension and fed into the
ellipsoid equation [15]

Preoperative MR imaging, undertaken on a 1.5-T scanner,
was reviewed using a Centricity PACS workstation (GE
Healthcare, Chalfont St Giles, UK) to ascertain the tumour’s
maximal diameter, ellipsoid and perimeter volumes, Hardy
and Knosp grades (Figs. 1, 2 and 3) [5, 11]. Perimeter volume
was calculated by manual slice-by-slice segmentation, also
known as planimetry (tracing the tumour outline), on coronal
views and allowing the Centricity workstation to create a 3D
reconstruction and volume (Fig. 1a). Ellipsoid volume was
calculated using the formula %w[a.b.c], where a, b and ¢ are
the maximal orthogonal diameters in each dimension
(Fig. 1b).

Tumours were subcategorised as micro-tumour (diameter
<1 cm; volume <0.52 cm3), macro-tumour (diameter 1-2.5 cm;
volume 0.52-8.16 cm®) or giant tumour (diameter >2.5 cm; vol-
ume >8.16 cm’) in size.

The Knosp grade describes tumour encroachment or inva-
sion into the cavernous sinus (Fig. 2) [11]. The Hardy grade is
composed of two separate ordinal classifications, one denoted
by numbers describing the sella disruption and the other by
letters describing the suprasellar extension, and for the pur-
pose of correlations, these were considered separately (Fig. 3)
[5].

A randomly selected sub-set of 31 patients (17 men, 14
women; mean age of 53+ 16 years) were also graded by a
second observer, to assess inter-observer variability.

Statistical analysis

Statistical analysis was performed using SPSS version 20.0
(Chicago, IL). Significance was set at p <0.05. Tumour grades

Segment width is
the slice thickness

BDENER.

Volume estimation by Perimeter method

X
(N
“, \( §n[a. b.c]

Volume estimation by Ellipsoid method

A/B/C maximal diameters [should bisect midpoint] in
each dimension (x/y/z)
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Grade 0 Grade 1

Grade 2

Grade 3 Grade 4

Contained within the medial
margins of the supra and
intracavernous ICA

Extends beyond medial
margins but not beyond the
midpoint (intercarotid line) of
the supra and intracavernous
ICA

Extends beyond intercarotid
line, but not beyond the lateral
margins of the supra and
intracavernous ICA

Total encasement of the
intracavernous ICA

Extends beyond lateral
margins of the supra and
intracavernous ICA

Suggests Cavernous Sinus Invasion

Fig. 2 Knosp grade. This system grades the parasellar extension of the tumour towards the cavernous sinus in relation to the intracavernous carotid

artery (ICA) [11]

were compared as a single group and in their separate subcat-
egories. Pearson’s correlation coefficient was used to study
correlations between continuous variables and Spearman’s
rho for ordinal variables. The Bland-Altman method was used
to assess agreement, firstly between the perimeter and ellip-
soid estimates of volume and secondly between the two
observers.

A: Sellar extension

Results

In total, 99 patients (54 male, 45 female) with a mean age of
55415 years were included. The majority were non-
functioning pituitary adenomas [NFPAs, n=57].
Functioning tumours included acromegaly (n=21) and
Cushing’s disease (n=11). The remaining pathology were

Grade 0 Grade 1

Grade 2

Grade 3 Grade 4

/O[O [O

. &

Normal Normal sella Intact sella, but bulging Localised sella destruction Diffuse sella destruction
margin
] Likely invasive adenoma
B: Extra-sellar extension
Suprasellar Extension / Symmetrical Parasellar Extension / Asymmetrical
A B C D E

Whole, anterior third
ventricle

Suprasellar Cistern Recess of third ventricle

Intracranial Cavernous Sinus

Fig. 3 Hardy grade. This system considers both the sella disruption (a), denoted by numbers 0—4, and the type of suprasellar extension (b) denoted by

letters A—E [5]
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Table 1
grades of tumour as the median values

Pituitary tumour characteristics by pathology type. Average volume and maximal diameter are represented as means (+ SD), whilst average

Pathology n Perimeter Ellipsoid Maximal Hardy number Hardy letter Knosp
volume (cm?) volume (cm®) diameter (cm) (median) (median) (median)
NFPA 57 8.6+10 7.4+9 272411 2 C 1
Acromegaly 21 4.7+9 4248 19.5+11 2 A 0
Cushing’s Disease 11 20£6 24+7 10.9+10 1 A 0
Other 10 49+6 4.4+6 222411 2 A 2
99 6.7+9 59+8 232+12 2 C 0

pituitary apoplexy (n=4), prolactinomas (n=3) or cystic pi-
tuitary lesions (n=3). These tumours had a wide range of
tumour size and grades (Table 1). NFPAs, on average, had a
larger size and grades than functioning pituitary tumours.

Estimations of tumour volume by ellipsoid and perimeter
methods strongly correlated (R*=0.99, p<0.0001). Bland-
Altman analysis found their mean difference overall to be
—0.82 (95 %CI, —3.8, 2.2), although the analysis also demon-
strated that the magnitude of difference increased with tumour
size; —0.11 (95%CI, —0.35,0.14),-0.74 (95 % CI, 2.2, 0.74)
and —1.4 (95%CI, —6.4, 3.7) for micro-tumours, macro-
tumours and giant tumours respectively (Fig. 4). When this
difference was represented as a proportion of average mea-
sured tumour volume, this percentage error decreased to
59 %, 24 % and 9 %, respectively.

In the majority of cases (n =81, 82 %) the perimeter meth-
od calculated a slightly larger volume than the ellipsoid meth-
od (Fig. 5a). When perimeter volume was plotted against el-
lipsoid volume, a y intercept of 0.35 cm® was calculated, in-
dicating that when an ellipsoid volume of near 0 cm? is

calculated, the perimeter method would still find a substantial
volume.

Inter-observer error for estimation of the ellipsoid volume
(mean difference, 0.4 em?;95%CI, 0.3, 1.2) was less than for
the perimeter volume (mean difference, 0.7 em’;95%CIL, 0.2,
1.7), with coefficients of variation of 8.2 % compared with
11.3 %.

Both ellipsoid (R*=0.86, p<0.001) and perimeter
(R*=0.87, p<0.001) estimation of volumes correlated with
maximal diameter, following a cubic distribution (Fig. 5b
and c). Hardy numbers (r20=0.78, p<0.0001), Hardy letters
(rho=0.75, p<0.0001) and the Knosp grades (rh0=0.78,
p<0.0001) also correlated with tumour volume, although cor-
relations were less strong (Fig. 6).

Discussion

Presently, maximal tumour dimension (e.g. max diameter) is
recommended for use across oncology to assess tumour size

Micro Macro
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Fig. 4 Bland-Altman comparison of perimeter and ellipsoid methods of
tumour volume estimation. Micro-tumours (diameter <1 cm; <0.52 cm?,
blue dots), macro-tumours (diameter 1-2.5 cm; 0.52-8.16 cm’, red lines)
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and giant tumours (diameter >2.5 cm; >8.16 cm’, green triangles) are
distinguished separately. Agreement between the two methods is less
close for the giant adenomas
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Fig. 5 Scatter plots describing the relationship between perimeter and ellipsoid methods of estimating tumour volume (a) and their relationship with
maximal diameter (b and ¢ respectively). Lines of best fit have been plotted

and to monitor response to treatment. With advances in tech- ~ focus as it more accurately measures tumour size. It is also
nology, tumour volume calculation continues to gather greater ~ recognised that small changes in diameter can grossly
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[sella disruption] and Hardy letters (b) [suprasellar extension] and Knosp (box) and the maximum/minimum values (fails)
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underestimate tumour growth. However, the time-consuming
calculation required for tumour volume had limited its trans-
lation into clinical practice [2, 6].

In this surgical series of pituitary adenomas, both the ellip-
soid and perimeter methods of tumour volume estimation
closely correlated. Pre-existing measures of pituitary tumours
(i.e. the maximal tumour diameter, Hardy and Knosp grades)
also correlated with tumour volume, although the relationship
was less strong.

In this study, the perimeter method identified slightly larger
volumes than the ellipsoid method, consistent with the find-
ings of Sorenson et al. [15]. The discrepancy was larger for the
giant tumours, which may assume more complex shapes, giv-
en the potential restriction to tumour growth as a result of
adjacent bony and neuro-vascular structures surrounding the
pituitary fossa. Without direct physical measurement, it is not
possible to conclude which method was most accurate; how-
ever, logically one would assume that this would be the more
comprehensive perimeter method. The slight underestimation
of volume by ellipsoid method is not that surprising, although
the lower inter-observer error was more favourable than with
the perimeter method.

Various automated methods have also been evaluated
to estimate tumour volume, but at present are consid-
ered less accurate when compared with manual
planimetry, although advances continue to be made [1,
6, 16].

The clinical importance of pituitary tumour volume in pa-
tient management is not always absolute. As a typically be-
nign tumour, intervention is usually guided by development of
clinical symptoms as opposed to tumour volume specifically.
Therefore, quantitative methods may have a greater role in
those pituitary adenomas under radiological surveillance.
The additional information provided by the Hardy and
Knosp grades, such as the extent of chiasm compression and
cavernous sinus invasion, may be as equally if not more im-
portant in influencing the need for intervention and the surgi-
cal options.

In the present study, we excluded patients previously
operated on. In such cases, the interpretation of the MR
images with respect to identifying residual adenoma can
be challenging due to the presence of post-surgical
changes, leading to greater inter-observer bias.
Nevertheless, surveillance of pituitary tumours may ben-
efit from volumetric analysis, since a simple diameter
may under-represent a change in tumour volume in re-
sponse to therapy or watchful waiting [8—10, 12]. Whilst
automated methods are limited by relative inaccuracy
and availability of software and given the time-
consuming nature of manual segmentation, the use of
geometric models such as the ellipsoid method, with
good accuracy and low inter-observer variability may
be clinically more useful for the present [16].

@ Springer

Conclusions

Pituitary tumour volume can be estimated by a variety of
methods. Pituitary tumour volume can be quantitated by the
perimeter method or, slightly less accurately, by the ellipsoid
method. Qualitative methods such as the Hardy or Knosp
grades may provide other clinically important information,
such as chiasmal compression or cavernous sinus invasion.
In clinical practice, these different methods of assessing pitu-
itary tumour size would likely provide different and potential-
ly equally useful information.
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