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The Micromechanical Signature of Pituitary Adenomas:
New Perspectives for the Diagnosis and Surgery
Mikaël Meyer, Nicolas Bouchonville, Christophe Gaude, Emmanuel Gay, David Ratel,*
and Alice Nicolas*

Pituitary adenomas are common tumors in the skull base that are associated with
signiﬁcant morbidity due to local compressive effects, hormonal hypersecretion,
or treatment-associated endocrine deﬁciency. Pituitary adenomas are often
surgically resected to improve clinical symptoms, with the help of magnetic
resonance imaging (MRI) to locate the tumor tissues. But still a large proportion
of adenoma fail being located, being either too small or not dense enough. In
addition, normal and tumor tissues do not always show optical contrast in
endoscopic endonasal trans-sphenoidal surgery. Finding new markers to
delineate the tumor tissue has become mandatory to help the surgical procedure
and limit relapses. Herein, an indentation-type atomic force microscope is used
to show that tumor tissues are two orders of magnitude softer than normal
tissues, independent of the type of hormonal secretion. This softening correlates
with the degradation of the reticulin, type IV collagen, and laminin scaffolds in all
the tumors. This signiﬁcant difference suggests that intraoperative lesion
localization and margin assessment could be evaluated by an approach based on
stiffness measurement.
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1. Introduction

More and more studies report on differences of the mechanical properties of
healthy and tumor tissues in human.
Breast tumor tissues for instance are
stiffer than normal ones,[1,2] and this
difference in stiffness is used as a medical prognostic of a mammary tumor.
Stiffening of the tumor tissue was also
observed for other cancers such as pancreatic ductal adenocarcinoma,[3] or some
brain cancers (meningioma or glioma[4]
and glioblastoma[5]). Alteration of the
mechanical properties of the tumor tissues was shown to originate from change
in rigidity of both the cells and the extracellular matrix (ECM).[6] Independent of
the biological and physical mechanisms
at the origin of this alteration,[7] this suggests that the stiffness mismatch between
normal and tumor tissues could be used
as a marker to delineate tumor tissues, similar to what is done
with biological markers.
Here, we focus on pituitary adenomas. Pituitary adenoma represents the most common tumor in the sellar region.[8] The incidence of these intracranial tumors is ranking third, accounting
for 15% among all primary intracranial neoplasms.[9] Pituitary
adenomas are often surgically resected to improve the clinical
symptoms. Endoscopic endonasal trans-sphenoidal surgery is
a common treatment for these patients. The surgical act is based
on the visualization of the tumor contour by MRI. Many tumors
however keep invisible, due to the limited resolution of MRI and
the lack of useful sequences.[10] Then delineating the tumor in
this organ is challenging, and incomplete or excessive resection
leads either to tumor recurrence or life-long alteration of the
patient’s life with hormonal disorders.
Following results obtained on other organs, we investigate
here whether human pituitary adenoma show signiﬁcantly different mechanical properties compared with the normal tissue.
The aim is to conclude on the feasibility of using the mechanical
properties of the pituitary tissue, and more speciﬁcally its elastic
properties, as a marker of adenoma and use it to help the surgical
act. We use indentation-type atomic force microscopy (IT-AFM)
to characterize the elastic properties of pituitary adenomas from
six patients. The choice of this technique comes from the small
size of the tumors, of 1 mm or less. Similar to most biological
tissues, pituitary tissues only show linear elastic behavior on a
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limited range of deformation and have strong adhesive interaction with the AFM probe. Here, we account for these limitations
following a methodology we have formerly implemented.[11,12]
As a result, we show that human pituitary adenomas are signiﬁcantly softer than the healthy tissue, and that this softening is
associated to the degradation of reticulin, laminin, and collagen
IV scaffolds.

2. Results
2.1. Micromechanical Signatures of Normal and Tumor Human
Pituitary Tissues
To investigate the mechanical properties of human pituitary adenoma, eight human specimen (two healthy pituitary tissues and
six pituitary adenoma, Table 1) were obtained from surgery and
were studied using IT-AFM in phosphate buffer saline (PBS).
The experimental approach for obtaining stiffness distribution
across entire tissue fragments is described in Figure 1a. To conﬁrm the tumor state of the tissue, a histological staining (hematoxylin and eosin [HE]) of the sections dedicated to the
indentation experiment was conducted on a mirror section.
With the exception of a specimen that showed mixed tumor
and normal histological patterns within few sections, all the other
sections were of uniform histological subtype. We could therefore relate randomly distributed indentation maps to histological
subtypes. We ﬁrst compared the mechanical properties of
healthy and adenoma sections, with no distinction of the adenoma subtype. To this end, we carried out IT-AFM using a
micrometer-sized indenter, of 10 μm diameter. This ensured a
μm2 contact area between the AFM probe and the sample.
The measured stiffness was therefore averaged at the micrometer scale, which is also the scale of a well-documented rigiditysensitive adhesion machinery of cells named focal adhesions.
We observed that both category (healthy and tumor tissues)
shows a unimodal stiffness distribution, but that the median
stiffness of the both differs of two orders of magnitude
(Figure 1). Healthy tissues showed a median stiffness of
9.7 kPa, with 66% of the values around the median being

comprised between 3.7 and 27.0 kPa (Figure 1b, left). The adenoma tissues showed a median stiffness of 0.12 kPa (66% values
interval: 0.04–0.38 kPa) (Figure 1c, left). The difference between
healthy and tumor tissues was signiﬁcant (Welch’s t-test,
p ¼ 0.0009) (Figure 1d). It is to be noted that in the range of
the indentation velocities we tested, we did not observe any drift
in the measured Young’s moduli, thus showing that both
healthy[11] and tumor tissues were not noticeably viscous in this
range of velocity (Figure S1, Supporting Information).
Comparison of HE-stained sections revealed that healthy tissues
contain nested cells surrounded by a rich capillary network
(Figure 1b, right), while adrenocorticotrophic hormone
(ACTH)-secreting microadenoma showed a very characteristic
dense Crooke cells content and the absence of capillary network
(Figure 1c, right). We thus hypothesized that the dramatic
softening of the tumor tissue could be caused by a modiﬁcation
of the cell content and by dramatic changes in the organization of
the extracellular matrix.
2.2. Changes in Micromechanical Properties in Pituitary
Adenomatous Tissue Correlates with Matrix Degradation
To correlate the respective micromechanical proﬁles to pathohistological ﬁndings in normal and adenomatous pituitary fragments, staining of ex vivo pituitary fragments under
physiological buffer conditions was carried out. We investigated
the composition and distribution of the ECM in the normal and
adenomatous pituitary fragments and correlated it to the loss of
rigidity (Figure 2). Normal pituitary tissue sections revealed a
highly heterogeneous stiffness, with gradients of the order of several kPa μm1 (Figure 2a–c) as already reported.[11] This was
associated with a dense network of reticulin, a ﬁber of the
ECM abundantly present in normal pituitary tissues
(Figure 2d). Collagen IV and laminin were also organized in a
dense ECM network (Figure 2e–f ). Adenomatous pituitary sections revealed a much softer and more uniform stiffness, with
stiffness gradients a hundred times smaller than on healthy tissues (Figure 2g–i, Figure S2, Supporting Information). Ex vivo
tissue labeling revealed a decrease in the level of reticulin content

Table 1. Clinical summary of patients and stiffness of the specimens used in this study. ACTH: adrenocorticotropic hormone; PL: prolactin; GH: growth
hormone; FSH: follicle-stimulating hormone; LH: luteinizing hormone; NA: not applicable. Median values of the Young’s moduli are obtained with
models that consider the adhesion of the AFM probe with the tissue (JKR’s model) or neglect it (Hertz’s model). Values in parenthesis are the
low and high boundaries that enclose 66% of the values.
Specimen

Age, y/sex

Diagnosis

Hormone

No force curves

EJKR [kPa]

EHertz [kPa]

1

46/F

Adenoma

ACTH

174

0.17 (0.08, 0.44)

0.28 (0.12, 0.65)

2

46/F

No lesion

NA

953

14.12 (5.45, 41.89)

38.45 (7.08, 54.02)

3

48/M

Adenoma

ACTH

471

0.08 (0.02, 0.25)

0.11 (0.03, 0.34)

4

40/F

Adenoma

GH, PL

301

0.19 (0.08, 0.62)

0.26 (0.10, 0.77)

5

29/F

Adenoma

GH

458

0.09 (0.03, 0.22)

0.20 (0.07, 0.45)

6

49/M

Adenoma

FSH

292

0.29 (0.10, 0.51)

0.37 (0.12, 0.66)

7

86/M

Adenoma

LH

266

0.05 (0.03, 0.12)

0.07 (0.04, 0.17)

8

46/F

No lesion

NA

819

7.02 (2.49, 13.46)

10.84 (4.10, 20.95)

8

46/F

Adenoma

ACTH

100

0.41 (0.08, 2.04)

0.73 (0.10, 5.88)
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Figure 1. Micromechanical signature of human pituitary tissue. a) Top left: coronal contrast-enhanced magnetic resonance imaging demonstrated the
mass lesion of ACTH-secreting pituitary adenoma. Top right: zoom on the mass lesion. Bottom: schematic of an endonasal endoscopic trans-sphenoidal
pituitary surgery from a patient with a suspicious mass lesion, microtome section of the mass lesion and transversal view of a glass slide-immobilized
adenoma section in PBS with the cantilever (with spherical probe) positioned for IT-AFM. b) Left: stiffness distribution for normal pituitary gland tissue
based on 11 randomly selected areas (90  90 μm2) in two specimens. Histogram reveals a unimodal and a broad stiffness distribution. Inset: representative retract force–indentation curve (black line) ﬁtted with JKR elastoadhesive model (red dashed line, 3.91 kPa) within the elastic linear region (in
between the dotted lines). Right: post-AFM histology reveals normal pituitary gland tissue recognized by its speciﬁc architectural pattern composed of
nested cells surrounded by a rich capillary network. Scale bar: 100 μm. c) Left: stiffness distribution for adenomas is narrower with a signiﬁcantly reduced
stiffness compared to normal pituitary gland tissue (24 randomly distributed maps of seven specimens). Inset as in (b) (Young’s modulus 0.09 kPa).
Right: post-AFM histology shows a different morphology compared with normal tissue. ACTH-secreting adenoma shows adenoma Crooke cells characterized by densely eosinophilic and hyaline cytoplasm. d) Pituitary adenomas are statistically much softer than normal tissues (respectively, 0.1 and
9.7 kPa, p < 0.001). Bars show the 66% percentiles around the median.

as expected for adenomatous tissues, as well as of collagen IV and
laminin (Figure 2j–l).
Reticulin ﬁbers are an important component of the network
structure of ECM in the pituitary gland. They play a major role
in maintaining the elasticity of the organ. We could therefore
relate the decrease in the expression of the reticulin ﬁbers to
the loss of rigidity observed in the adenomatous pituitary. In
addition, in normal pituitary tissue, collagen IV, the main constituent of the basal lamina, has a regular structure forming a
well-organized dense network (Figure 2e). In our study, we
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observed that collagen IV level in the adenomatous tissue is
sorely decreased and loses its network organization
(Figure 2k). Given that the collagen IV network allows the
attachment of other proteins of the basal lamina, it creates
a dense network that makes possible the upkeep of the pituitary gland. Then loss of its structure could have consequences
on the rigidity of the tissue. In the same way, the ﬁbers of laminin (basal lamina) organized in network in the normal tissue
(Figure 2f ) showed a strong decrease in the tumor tissue
(Figure 2l). The loss of laminin observed is colocalized with
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Figure 2. Comparison of the local micromechanical properties and ECM structure in pituitary gland tissues. a) Representative a speciﬁc AFM stiffness
map (10  10 pixels) of the normal pituitary gland tissue and b) its corresponding stiffness distribution from the map. c) Map of the gradients of stiffness
associated to (a). d) Post-AFM histology reveals normal pituitary gland tissue with reticulin, e) collagen IV (red), and f ) laminin (green) labeling.
g) Representative AFM stiffness map (10  10 pixels) of adenomatous pituitary gland tissue and h) the corresponding stiffness distribution from
the map. i) Map of the gradients of stiffness associated to (g). j) Post-AFM histology reveals adenomatous pituitary gland tissue with reticulin labeling,
k) collagen IV (red) and l) laminin (green) labeling. Bars in (d–f ) and (j–l) 200 μm.

decreased expression of collagen IV. This can be explained by
the fact that the laminin, glycoprotein of the basement membrane, attaches to the collagen IV network to complete the
mesh structure.
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Correlating with the dramatic decrease in the rigidity of
adenomatous tissues, we thus observed a collapse of the basal
lamina and consequently of the extracellular matrix which leads
to a loss of the tissue architecture.
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2.3. Micromechanical Softening is Observed Independent of the
Pituitary Tumor Type
Pituitary adenomas comprise several tumor types, corresponding
to different phenotypes with distinct hormonal disorders. We
investigated whether the observed decrease in rigidity is applicable to the different classes of pituitary adenomas. To this end, we
discriminated the rigidity test on the different classes of pituitary
adenoma representative of the major types. Corticotropic adenoma secreting the ACTH that accounts for about 6% of all adenomas, growth hormone (GH) secreting somatotropic adenoma
(13% of all adenomas), somatoprolactinic adenoma, secreting
PRL and GH (PL/GH) (50% of the somatotropic adenomas),
and gonadotropic adenomas, resulting from the gonadotropic
cells secreting follicle-stimulating hormone (FSH) or luteinizing
hormone (LH) (30% of the pituitary adenomas) were compared. Representative AFM stiffness maps showed an homogeneity in the rigidity of the adenomatous pituitary tissue with
stiffness ranging from 0 to 0.5 kPa for all the pituitary adenoma
types (Figure 3). This result was conﬁrmed by the corresponding
stiffness distributions obtained by concatenating all the measurements for each type of adenoma. Median values of the Young’s
moduli were ranging from 0.05 to 0.29 kPa depending on the
tumor type (Figure 3f ), but the variations of the median values
were not signiﬁcant. Welch’s t-test provided p-values larger than
0.15 when comparing pairs of tumors and ANOVA Welch’s t-test

provided a p-value of 0.22. Overall, the loss of stiffness was
observed on all types of pituitary adenoma with similar amplitude, regardless of the action of the tumor on the hypersecretion
of hormones.

3. Discussion
Characterization of the mechanical properties of human tissues
at subcellular resolution has recently emerged as tumor progression was shown to be sensitive to the cell-scaled mechanical properties of the tissue through integrin-mediated adhesion.[7,13,14]
Magnetic resonance elastography (MRE) and ultrasound shear
wave elastography (USWE) are the most used techniques to
address tissue stiffness in clinics, as they are noninvasive and
can be operated directly on the patient. MRE provides the maps
of the rheological properties of the tissue that are averaged on
volumes of few mm3.[15] USWE is more resolved, with ability
to discriminate few hundreds of μm.[4] Needle elastography
has recently emerged with resolution down to 10–20 μm that
makes it attainable to characterize the rheology of tissues at
the cell scale.[16]
Ex vivo, IT-AFM allows scanning the mechanical properties of
immersed samples down to nanoscale by indenting the tissue
with a micron or nanometer-scaled probe.[14,17] Although it
can currently not be carried out on the patient, the fact that it
provides rheological measurements with enhanced resolution

Figure 3. a–e) Representative AFM stiffness maps (10  10 pixels) of different pituitary adenoma types, with corresponding stiffness distributions:
corticotropic adenoma secreting the ACTH, somatotropic adenoma-secreting GH, somatoprolactinic adenoma (GH/PL), and gonadotropic adenomas,
derived from the secreting FSH or LH. f ) Median stiffness for each type. Bars enclose 66% of the values. None of the stiffness medians signiﬁcantly differs
from each other (ANOVA Welch’s t-test, p ¼ 0.22).
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may help to identify relevant mechanical markers appropriate for
every tissue or cancer type. In this context, IT-AFM has already
been used to characterize the stiffness of few tumor tissues. A
majority of studies have reported increased stiffness following
cancer. For instance, tissue stiffness was shown to be reinforced
in tumor breast tissues.[2] Glioblastoma as well as compact tumor
tissues from meningothelial meningioma (grade I WHO)[5] or
medulloblastoma (grade IV WHO)[18] were also shown to be
stiffer than healthy tissue. Differently, cirrhotic liver tissues demonstrated a softening in the presence of hepatocellular carcinoma.[19] All these mechanical mappings were carried out
using nanoscale probes, thus reﬂecting the nanoscale variability
of the mechanical properties of the tissues. From these data, it
could be interpreted that the increase in the rigidity of the tissues
from breast cancer, glioblastoma, meningothelial meningioma,
or medulloblastoma comes from an increased content in stiff
matrix proteins while reduced rigidity in cirrhotic liver tissues
was attributed to the lower rigidity of tumor cells compared with
normal cells.[5] Such conclusions were consistent with histological analysis and are also consistent with previous mechanical
characterization obtained with MRE. IT-AFM also brought additional information compared with MRE on the cell-scaled gradients of rigidity that may inﬂuence cell fate. The study by
Plodinec et al.,[2] for instance, evidenced more heterogeneous
rigidity patterns at the periphery of the tumor compared with
the center, associated with ﬁbrotic tissues and cancer cell inﬁltration. From this observation, cell-scaled gradients of rigidity
could emerge as an interesting marker as most migrating cell
types were reported to migrate in response to stiffness gradients
toward the stiffer regions.[20]
MRE or USWE provide centimeter scale maps of elasticity of
the tissue. IT-AFM however is limited in the surface of tissues it
can address due to acquisition times. As an order of magnitude,
it takes 20 min to obtain a map of 100 pixels on a soft and sticky
sample. The degradation of tissues then prevents from obtaining
a representative collection of data with nanoscale resolution. In
between IT-AFM mechanical mapping with nanometer resolution and MRE with millimeter resolution, the mechanical properties of the tissues averaged at the micrometer scale could be an
alternative. Using micrometer-sized indenters, values of rigidity
are then averaged on surfaces few μm2. From the point of view of
cell response, this micrometer scale is of equal interest as
nanoscale. While it smooths the rigidity maps with giving
micrometer-scaled averaged stiffness data, it provides information on stiffness on larger areas and still allows to discriminate
cells from ECM when compared with histological staining.
Here, we explored the mechanical properties of pituitary adenoma using a micrometer-sized indenter, with 10 μm diameter.
Then the values of rigidity we measured consisted of micrometer-averaged values on surfaces from 10 to 90 μm2 (indentation
depth from 0.5 to 3 μm). In this way, larger areas could be
explored, 3–4 maps of 100 pixels on 90  90 μm2 area per sample
could be acquired within a maximum of 2 h. Our main observation was that pituitary adenomatous tissues are on average a hundred times softer than healthy tissues (Figure 1). Tumor tissues
that originate from different classes of adenoma were characterized. For all of them, we measured a similar drop of the stiffness
(Figure 3). Consequently, we could not discriminate adenoma
types on the basis of the mechanical measurement
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(Figure 3f ). Compared with liver tissues which tumor tissues
are also softer,[19] we predominantly attributed the lowering of
the rigidity to the degradation of the matrix. As in the liver, softening of the cells may also contribute to the observed loss of
rigidity, but the high rigidity of healthy tissues highlights the
dominant role of the matrix. In the pituitary gland, the tissue
architecture as well as its rigidity are closely linked to the content
in reticulin, a protein of the ECM.[21] We observed that reticulin
disorganizes from a dense network in healthy tissues to a much
ﬁner scaffold in adenoma (Figure 2d,j). In addition, the basal
lamina which acts as a selective barrier between nonvascularized
tissues and vascularized conjunctive tissue was also disrupted
(Figure 2k–l). Basal lamina has an important function in regeneration after tissue damage, as it plays the role of framework on
which the cells in regeneration can migrate. In this way, the original architecture of the tissues can be restored after lesion. The
decrease in the expression of extracellular matrix proteins and
glycoproteins in pituitary adenomas leads to an impossibility
to restore the tissue during a lesion and may explain the cellular
modiﬁcation observed in the HE-stained sections. Stiffness maps
also evidenced more uniform stiffness patterns than healthy tissues (Figure 2c,i). Combined with histological analysis, this suggests the absence of synthesis of a new basal lamina with
abnormal composition which generally accompanies metastatic
state. This observation is consistent with the fact that pituitary
adenomas are benign tumors, and do not have metastasis in
other tissues.

4. Conclusion
Here, we investigate the change in stiffness between healthy and
adenoma tissues in the pituitary gland. The aim is to provide
mechanical markers of the adenoma to help the surgical act.
The challenge is of major importance especially in pituitary adenomas corticotroph whose morbidity and mortality is very important and which are often difﬁcult to localize despite major
progress in the ﬁeld of imaging by MRI.[22] By measuring the
micrometer-scaled averaged stiffness of normal and adenomatous tissues ex vivo with IT-AFM, we show that adenomatous tissues are a hundred times softer than healthy tissues and display
more uniform stiffness patterns with gradients of stiffness
reduced by a factor of a hundred. These results could serve future
developments of in vivo diagnostic and surgery assistance devices dedicated to the pituitary gland, for instance the invasive needle elastography technique[16] or the development of noninvasive
shear wave elastography probes.[23]

5. Experimental Section
Human Pituitary Tissue Samples: Pituitary tissue samples were obtained
from the University Hospital Grenoble, Department of Neurosurgery. The
human biopsies were residues from other research projects. As such, the
French Public Health Code does not require compulsory formality, but recommend subjects information and consent. Informed written consent was
obtained from the patients or their families. A total of eight pituitary tissue
samples were collected from the operating room during trans-sphenoidal
surgery of six patients and were immediately frozen at 80 °C. Pathologic
diagnoses rendered based on routine histology, hormone immunostaining
are shown in Table 1.

© 2021 The Authors. Advanced NanoBiomed Research published by Wiley-VCH GmbH

www.advancedsciencenews.com

www.advnanobiomedres.com

IT-AFM and Data Analysis: Frozen surgical specimen were cut in thick
slices (150 μm in thickness) using a cryostat. The tissue slices were deposited on glass slides and stored at 20 °C. Just before the AFM experiment,
the tissue slice was thawed at 26 °C for 30 min. As detailed in the study by
Bouchonville et al.,[11] an incubation space was created by encircling the
tissue section with a hydrophobic fat pen (Dako pen). Cautious washing
was carried out with ﬁltered PBS to remove residues of the hydrophobic
barrier. The sample was then immediately immersed in ﬁltered PBS and
AFM measurements were carried out within the next 1–2 h at room temperature. Young’s moduli of brain tissue samples were measured on a
Nanowizard II AFM (JPK instruments, Berlin) in force mapping mode.
MLCT D tipless cantilevers (Bruker, Santa Barbara) with a nominal spring
constant of 0.03 N m1 were chosen for their ability to address Young
moduli between 0.1 and 100 kPa. A 10 μm polystyrene bead was glued
to the cantilever to average the elastic properties on micrometer-sized
area, i.e., averaging on the network composed of the cells and the extracellular matrix and not focusing on the nanoscale mechanical properties.
Calibration of the cantilever was carried out before and after every sample
to check the aging of the cantilever. For all experiments, indentation speed
was set from 1 to 20 μm s1 allowing us to check if the sample has any
viscoelastic properties in this range.[11] Practically, we probed different
locations of a speciﬁc tissue slice with distinct speeds and obtained statistically representative values of the rigidity for each indenting velocity
(see Figure S1, Supporting Information). We ensured an indentation
depth below 3 μm by adjusting the nominal force setpoint within
1–6 nN depending on the sample stiffness. The maps have a size of
90  90 μm2 and represent at least 100 force curves. Force–indentation
curves were then ﬁtted with the models described below in the range
of indentation where the elastic deformation is linear as detailed in the
studies by Bouchonville et al..[11,12] Smoothing was carried out on the
maps of the Young’s moduli to help the visualization of the rigidity texture
using the interp2 function from Matlab with cubic interpolation and a
meshgrid of 100  100 points.
AFM Data Post-treatment: Data were treated as explained in the study
by Bouchonville et al..[12] First the part of the indentation curve that
showed linear elastic response was delineated.[11] When several pieces
of the curve showed a linear elastic behavior, the portion of the curve with
forces ranging between 0.1 and 3 nN was preferred, in consistence with
the amplitude of the cellular forces.[24] The selected part of the
force–indentation curve was then ﬁtted using Johnson–Kendall–Roberts
(JKR) model for a spherical tip[25]
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4 aJKR F adh
δ¼

R
RK
3
 1=3
ﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
p
R
ð F adh þ F n þ F adh Þ2=3
aJKR ¼
K
a2JKR

F adh ¼

(1)
(2)

3π
γR
2

(3)

with δ is the indentation relative to the surface of the sample, F n is the
indentation force, R is the radius of the spherical indenter. K is the renormalized elastic modulus that characterizes the linear elastic response of
the sample. It relates to the elastic Young’s modulus E and the Poisson’s
ratio ν of the material by the following formula: K ¼ 4E=3=ð1  ν2 Þ. JKR
model accounts for the possibility that the probe sticks to the sample: γ is
the adhesive, interfacial energy of the indenter on the sample. In the
absence of adhesion, γ ¼ 0. From the ﬁt, we obtain the elastic modulus
of the sample, E, the adhesive energy γ between the spherical indenter and
the sample, and the coordinate of the contact point of the indenter on the
sample. Here, the Poisson ratio ν is assumed to be 0.45.[26] In principle,
JKR model is valid for soft materials with large adhesion energy and probes
with large radius of curvature compared with the indentation.[27] This corresponds to samples where the adhesion between the probe and the sample causes an indentation of the probe in the absence of external load that
is large compared with the spatial range of the adhesion forces. These
assumptions showed reasonable for tumor tissues, which Young’s moduli
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span from about 50 Pa to few kPa. They are less relevant for the harder,
normal tissue which Young’s moduli span from few hundreds of Pa to few
tens of kPa. Then another description of the adhesive interaction between
the probe and the sample should be accounted, such as the Deraguin–
Muller–Toporov (DMT) model.[28] However, both models led to very
similar values of the ﬁtting parameters in this case.[11] For this reason,
we evaluated the elastic moduli of either tumor and normal tissues using
JKR model.
Statistical Analysis: Eight specimens from six patients were analyzed,
with surfaces ranging from 2 to 20 mm2 (Table 1). Median values of
the Young’s moduli were obtained for each specimen, by analyzing about
200 to more than 900 curves (Table 1). The indentation points were organized in maps of 90  90 μm2 . About 2–9 maps randomly distributed on
the surface of the tissue section were acquired for each specimen. The
ﬁtted Young’s moduli showed unimodal peaked distributions. We characterized the distribution on every specimen by calculating the median
Young’s modulus and the dispersion around the median. Dispersion
around the median value was calculated from the 0.17 and 0.83 percentiles, which enclose 66% of the values. This interval was considered as a
relevant indicator of the dispersion of the data for these non-normal distributions as it encloses a similar amount of data as the standard deviation
in normal distributions.[29] Histograms of the distribution of the Young’s
moduli were ﬁtted with log normal probability density function to guide the
eye on the ﬁgures. ANOVA Welch’s unequal variances t-test was carried
out to analyze the statistical differences between the median values of the
Young’s moduli of all the maps of the adenoma types. A p-value of 0.22
was found, suggesting the absence of signiﬁcant difference in between
adenoma types. Welch’s unequal variances t-test was then carried out
to analyze the statistical differences between the median values of the
Young’s moduli of the pooled data of the tumor tissues and of the healthy
tissues.
Histological Analysis: Frozen pituitary tissue samples were cut (20 μm in
thickness) using a freezing microtome. For immunohistochemical (IHC)
analysis, the following primary antibodies were used: anticollagen IV
(1:500, Dakocytomation) and antilaminin (1/1000, Sigma Aldrich).
Sections were incubated with these primary antibody solutions overnight
at 4 °C. After washing, the secondary antibodies used were: 1:500 goat antimouse IgG Alexa 594 (1/500, Invitrogen) and goat antirabbit IgG Alexa 488
(1/500, Invitrogen) for collagen IV and laminin detection, respectively. All
tissue sections were counterstained with 4 0 ,6-diamidino-2-phenylindole
(DAPI, Sigma Aldrich) and then mounted with FluorSave (Merck
Millipore). Bound primary antibodies were visualized on a confocal microscope (Olympus).
HE staining and silver impregnation method for reticulin ﬁbers were
carried out on frozen sections mounted on glass slides using coloring kits
(Kit Extempo, RAL Diagnostic and Silver impregnation, Diapth, respectively). HE-stained and reticulin slides were prepared to discriminate
adenomatous tissue fragments from normal pituitary tissue.
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