
www.manaraa.com

MALDI mass spectrometry imaging analysis of pituitary
adenomas for near-real-time tumor delineation
David Calligarisa,1, Daniel R. Feldmana,1, Isaiah Nortona, Olutayo Olubiyia, Armen N. Changeliana, Revaz Machaidzea,b,
Matthew L. Vestala, Edward R. Lawsa, Ian F. Dunna, Sandro Santagatab,c, and Nathalie Y. R. Agara,c,d,2

aDepartment of Neurosurgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115; bDepartment of Pathology, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA 02115; cDepartment of Cancer Biology, Dana–Farber Cancer Institute, Boston, MA 02115; and
dDepartment of Radiology, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115

Edited by Jerrold Meinwald, Cornell University, Ithaca, NY, and approved July 7, 2015 (received for review December 4, 2014)

We present a proof of concept study designed to support the
clinical development of mass spectrometry imaging (MSI) for the
detection of pituitary tumors during surgery. We analyzed by
matrix-assisted laser desorption/ionization (MALDI) MSI six non-
pathological (NP) human pituitary glands and 45 hormone secret-
ing and nonsecreting (NS) human pituitary adenomas. We show
that the distribution of pituitary hormones such as prolactin (PRL),
growth hormone (GH), adrenocorticotropic hormone (ACTH), and
thyroid stimulating hormone (TSH) in both normal and tumor
tissues can be assessed by using this approach. The presence of
most of the pituitary hormones was confirmed by using MS/MS and
pseudo-MS/MS methods, and subtyping of pituitary adenomas was
performed by using principal component analysis (PCA) and support
vector machine (SVM). Our proof of concept study demonstrates
that MALDI MSI could be used to directly detect excessive hormonal
production from functional pituitary adenomas and generally
classify pituitary adenomas by using statistical and machine
learning analyses. The tissue characterization can be completed in
fewer than 30 min and could therefore be applied for the near-
real-time detection and delineation of pituitary tumors for intra-
operative surgical decision-making.

mass spectrometry imaging | pituitary | molecular pathology |
intrasurgical diagnosis | in-source decay

Pituitary adenomas are common, benign intracranial tumors
arising in the anterior pituitary gland (1–3) and are the third

most common primary brain tumor. These tumors are classified
according to both their size—microadenomas have a diameter
less than 1 cm, whereas macroadenomas have a diameter equal
to or larger than 1 cm—and by their functional status. Some
tumors produce supraphysiologic quantities of hormones nor-
mally secreted by the pituitary gland and are referred to as
functional adenomas, whereas others do not and are termed
nonfunctioning tumors. The mass effect resulting from large
adenomas that have parasellar or suprasellar extension can
produce headaches, diplopia, visual field defects, cranial nerve
palsies, and pituitary dysfunction due to compression of the pi-
tuitary gland and surrounding brain structures (4). Hormone-
secreting adenomas [for instance, those that produce excess
prolactin (PRL), growth hormone (GH), adrenocorticotropic
hormone (ACTH), or thyroid stimulating hormone (TSH)] can
generate a broad range of endocrine disturbances and comorbidities
related to the specific hormone being secreted in excess (5–9).
Transsphenoidal surgical approaches are the most common

first-line treatment for pituitary adenomas that require surgical
intervention. These procedures relieve the compression of criti-
cal structures by macroadenomas, and reduce or eliminate ab-
normal hormonal hypersecretion by hormone-producing adenomas
(10–12). Microadenomas can be radiologically difficult or im-
possible to detect because of their smaller volume, but clinical
presentations such as overproduction of hormones (e.g., ACTH,
inducing Cushing syndrome) warrant surgical intervention. In
such cases where MRI scans are equivocal, surgical planning is

based on inferior petrosal sinus sampling that may help de-
termine the side of the pituitary involved and direct the extent of
surgery. Determining the extent of tumor resection even when
preoperative radiologic images are available for surgical guid-
ance can be difficult, and incomplete resection and residual tumor
may result. In macroadenomas, intraoperative magnetic resonance
imaging (MRI) can be used to evaluate the extent of resection
(13), but access to such a resource can be limited. Fluorescence
approaches can also be used to evaluate the extent of resection:
Using indocyanine green (ICG) fluorescence during endoscopic
endonasal transsphenoidal surgery can help differentiate adenoma
from normal pituitary tissue by detecting the near-infrared light
that is emitted by ICG from the microvasculature of the normal
pituitary and the adjacent tumor tissue (14). The reliable dis-
crimination of pituitary tumor from normal pituitary gland re-
mains a central issue in the successful surgical resection of these
tumors given the desire to preserve or even restore normal pi-
tuitary function in patients.
Determination of serum hormone levels is an important part

of the clinical evaluation of patients with pituitary adenomas.
Imaging tests such as MRI and computed tomography (CT) are
also used, but the resolution of such imaging technologies is
limited to a scale of millimeters, so these studies may not detect
very small microadenomas. The normal pituitary is composed of
an anterior lobe (adenohypophysis) and a posterior lobe (neu-
rohypophysis) with zonal distributions of various secretory cells.
The adenohypophysis contains GH-producing cells located in
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the lateral wings, PRL-producing cells in the posterior lateral
areas, TSH-producing cells in the anterior midline area, follicle
stimulating hormone (FSH) or luteinizing hormone (LH)-pro-
ducing cells throughout the adenohypophysis, and ACTH-producing
cells in the midline area extending back into the neurohypophysis.
The neurohypophysis comprises axons from neurons that originate
in the hypothalamus and that secrete oxytocin and vasopressin (15).
The ACTH-related pituitary hormones are processing products
of a common precursor protein named pro-opiomelanocortin
(POMC). Enzymatic cleavage of this prohormone produces
the following peptides: signal peptide, N-terminal glycopeptide,
γ-melanocyte-stimulating hormone (γ-MSH), joining peptide,
ACTH, α-melanocyte-stimulating hormone (α-MSH), corticotropin-
like intermediate peptide (CLIP), β-lipotropin (β-LPH), γ-lipotropin
(γ-LPH), and β-endorphin (16).
The development of new intraoperative techniques to analyze

the distribution of specific pituitary hormones could be helpful
for surgeons as they strive to better define the location and the
boundaries of the pituitary adenomas, thereby improving the
extent of resection and minimizing damage to normal pituitary
structures. Mass spectrometry imaging (MSI) has been recog-
nized as a powerful tool for the molecular profiling and imaging
of a variety of tumors. This technique has been used for char-
acterizing molecules such as proteins, peptides, lipids, and me-
tabolites in tissue samples (17–24). Desorption electrospray
ionization (DESI) coupled with MSI has already been shown to
distinguish cancerous from noncancerous tissue, and studies vali-
dating its implementation in an operating room for real-time and
near-real-time diagnosis have been presented (25–28). Matrix
assisted laser desorption/ionization mass spectrometry imaging
(MALDI MSI) has also shown great promise in supporting ap-
proaches already used in clinical diagnostic practice (29–32).
Here, we present a proof of concept study for the analysis of

pituitary adenomas by MALDI MSI for surgical application.
First, we used MALDI MSI to characterize the distribution of
specific hormones such as ACTH and GH in the adenohy-
pophysis, and vasopressin and neurophysin 2 in the neurohy-
pophysis of normal human pituitary glands. We further used
MALDI MSI to characterize a series of pituitary adenomas, and
confirmed the identity of these pituitary hormones by using a
high-resolution sequencing approach (LIFT) and in-source decay
(ISD) methods. Our study demonstrates that the hormone
composition of pituitary tumor resection samples can be assessed
by using MALDI MSI within the time constraints of surgical
intervention. This top-down approach might support the locali-
zation of small tumors within the gland, the delineation of tumor
margins in a near-real-time diagnostic platform, and aid in the
improved discrimination of tumor, which is to be resected, from
normal gland, which is to be preserved.

Results and Discussion
Analysis of a Nonpathological Human Pituitary. The peptides pro-
duced by the anterior and the posterior lobes of the pituitary
carry specific physiological functions. They can be overexpressed
in pituitary adenomas and could potentially be used as biomarkers
in molecular image-guided surgery.
We assessed baseline levels and distribution of these peptides

by imaging nonpathological (NP) human pituitary glands by
MALDI MS in linear positive ion mode in the mass/charge (m/z)
range of 500–30,000. Fig. 1 shows representative mass spectra
from MALDI MSI analyses corresponding to the signal detected
in the posterior and the anterior regions of a human pituitary
gland (sample NP2, see SI Appendix, Table S1 for details). The
mass spectra displayed show distinct peaks from the posterior
(Fig. 1A) and the anterior (Fig. 1B) regions of the pituitary gland,
in accordance with known histology of the gland (19). According
to the theoretical masses calculated from the amino acid sequences
of the POMC prohormone cleavage products, these peaks can be
assigned to vasopressin (m/z 1,084.4) and neurophysin 2 (m/z
9,768.1) in Fig. 1A and to α-MSH (m/z 1,623.7), joining peptide
105–134 (m/z 3,004.3), β-endorphin (m/z 3,463.7), ACTH (m/z
4,539.2), γ-LPH (m/z 6,071.4), β-LPH (m/z 9,800.9), and growth
hormone (m/z 22,106.6) in Fig. 1B. Additional proteins were
detected by using another matrix deposition approach based
on matrix sublimation followed by recrystallization to optimize
incorporation of the analytes into the deposited matrix (33).

Fig. 1. Average MALDI mass spectra of a NP human pituitary gland (NP2).
Average MALDI mass spectra of the anterior (A) and posterior (B) lobes of a
NP pituitary section.

Fig. 2. MALDI MSI on a NP pituitary gland section (NP2). Top shows the
optical image of a serial section H&E stained. Middle and Bottom display the
MALDI MSI ion images of ACTH and neurophysin 2 and of vasopressin and
GH, respectively. A and P indicate the anterior and posterior lobes of the
pituitary gland, respectively.
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Neurophysin 1 and PRL were also detected, respectively, in the
posterior and the anterior lobes (SI Appendix, Fig. S1).
MALDI MSI images of Fig. 2 and SI Appendix, Fig. S3 show

the distribution of ACTH, neurophysin 2, vasopressin, growth
hormone, and PRL for both sets of experiments (i.e., matrix
deposition by spraying or by sublimation). The detection of PRL,
GH, ACTH, and TSH has clinical significance because their
excessive production by tumor may result in specific clinical
syndromes with associated morbidity. Vasopressin detection may
also have clinical significance; injury to vasopressin-secreting
cells may result in diabetes insipidus in patients, making pres-
ervation of the posterior gland and stalk a goal of surgery. Both
vasopressin and neurophysin 2 were detected from the posterior
pituitary, and are known to be produced from the same precursor,
namely the vasopressin-neurophysin 2-copeptin precursor (34).
Neurophysin 2 binds vasopressin to form a heterotetrameric
complex protecting it from proteolysis and promoting proper
precursor cleavage (35). As shown in Fig. 2, these proteins are
both located in the posterior pituitary. As indicated on the
schema of SI Appendix, Fig. S2, the spatial distribution of pitu-
itary hormones correlates with the established mapping of the
different pituitary cell types. The detection and distribution of
ACTH and GH in the anterior lobe, and neurophysin 2 in the
posterior lobe, correlate with histological mapping of the NP
human pituitary gland (Fig. 2). Using matrix sublimation/re-
crystallization, a supplementary peak was detected at an m/z
value corresponding to the mass of PRL (i.e., m/z 22,897).
MALDI MSI data indicated that this molecule is located in the
anterior lobe, more precisely in the lactotroph cells area (SI
Appendix, Fig. S3).

Top-Down Protein Identification.The identity of proteins was further
confirmed by using MALDI in-source decay (ISD) fragmentation.
ISD fragmentation occurs in the ion source of the MALDI mass
spectrometer and can lead to the formation of c- and z-fragment

ions, but also a-, b-, x-, and y-fragment ions depending on the
MALDI matrix used (35–45). This approach has already been
used for peptide and protein identification either in solution (38,
46, 47) or in situ (48–51).
SI Appendix, Fig. S4 shows a MALDI ISD MSI experiment

performed on a NP human pituitary tissue section. The distri-
bution of representative c-series ion fragments of ACTH (c10),
GH (c13), and neurophysin 2 (c16) correlates with the spe-
cific histologic features displayed on the hematoxylin and
eosin (H&E)-stained section (i.e., anterior and posterior lobes),
and the established map of the pituitary (SI Appendix, Fig. S2).
All of the c-series ISD fragments belonging to each hormone
triggered the same specific MALDI MSI signals. The Mascot
search results for mass spectra selected from a pixel with maxi-
mum intensity from the MALDI ISD MSI data confirmed the
identification of ACTH, GH, and neurophysin 2, with re-
spective significance scores of 306, 132, and 955 (SI Appendix, Figs.
S5–S8). ACTH was identified through identification of the POMC
prohormone with sequence coverage of 14% (SI Appendix, Fig.
S8A) corresponding exclusively to the complete amino acid se-
quence of ACTH. A peptide fragment of 43 amino acids (i.e.,
somatotropin 1–43) was identified as somatotropin 1–43 (SI Ap-
pendix, Fig. S8B), which results from a proteolytic cleavage of GH
and has insulin-potentiating properties (52).
The identification of vasopressin in the NP pituitary gland was

confirmed by using MALDI TOF/TOF through the detection of
b- and y-series ions (SI Appendix, Fig. S9), but we could not
confirm the identity of PRL by fragmentation patterns (53, 54).
Prolactin was assigned based on its mass and characteristic
spatial distribution.
Despite the fact that MALDI ISD has great advantages

compared with conventional MS fragmentation approaches (i.e.,
collision-induced dissociation and postsource decay), this technique
presents several limitations. MALDI ISD occurs in the ion
source and, therefore, precursor ions cannot be selected. Thus,

Table 1. Summary of mass spectrometry and histopathology results for all analyzed pituitary adenomas

Sample ID
Type of secreting

adenoma*

MS analysis

Reticulin stain Sample ID
Type of secreting

adenoma*

MS analysis

Reticulin stainACTH GH PRL ACTH GH PRL

A1 ACTH + — — Tumor H8 GH and PRL — — — Tumor
A2 ACTH + — — Tumor H9 GH and PRL + + + Tumor
A3 ACTH + + — Normal O1 FSH and LH — — — Tumor
A4 ACTH + — — Tumor O2 FSH and LH — — — Tumor
A5 ACTH + + + Normal O4 FSH and LH — — — Tumor
A6 ACTH + — — Tumor O10 FSH and LH — — — Tumor
H1 GH — + — Tumor O12 FSH and LH — — — Tumor
H2 GH + + — Tumor N1 None — — — Tumor
H3 GH — + — Tumor N2 None — — — Tumor
H4 GH — + — Tumor N3 None — — — Tumor
H6 GH — + — Tumor N4 None — — — Tumor
H10 GH — + — Tumor N5 None — — — Tumor
H11 GH — + — Tumor N6 None — — — Tumor
O3 PRL + + — Normal N7 None — — — Tumor
O5 PRL — — — Necrosis N8 None — — — Tumor
O6 PRL — — — Tumor N9 None — — — Tumor
O8 PRL — — + Tumor N10 None — — — Tumor
O9 PRL — — + Tumor N11 None — — — Tumor
O13 PRL — — + Tumor N12 None — — — Tumor
O7 FSH — — — Tumor N13 None — — — Tumor
O11 FSH — — — Tumor N14 None + — — Tumor
H5 GH and PRL — + — Tumor N15 None — — — Tumor
H7 GH and PRL — — — Tumor — — — — — —

Each pituitary tumor was originally diagnosed based on the clinical findings. MALDI MSI was then conducted to attempt to confirm these same results.
ACTH, adrenocorticotropic hormone; FSH, follicle-stimulating hormone; GH, growth hormone; LH, luteinizing hormone; PRL, prolactin.
*The type of secreting adenoma has been defined by blood testing.
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the analysis of complex samples such as tissue sections can lead
to complicated mass spectra that impair the detection of ISD
fragments from the proteins of interest. For low mass proteins,
the presence of the matrix peaks in the low mass range can also
prevent the observation of the ISD fragments. Other parameters
can also be responsible for the nondetection of ISD fragments of
vasopressin and PRL. Indeed, the formation of the fragment ions
strongly depends on the nature of the amino acids present in the
molecule (55), but also on the level of protein/peptide present in
the sample (36, 37).

Molecular Characterization of Pituitary Adenomas. Using method-
ology developed for the analysis of the NP human pituitary, we
analyzed 45 pituitary adenomas by MALDI MSI (Table 1) for
the detection of ACTH, GH, and PRL. Elevated levels of these
hormones in the most common functioning adenomas could be
used for intraoperative detection and delineation of functioning
tumors of the pituitary (1, 56) and, importantly, discrimination of
tumor from the normal gland, which surgeons work to preserve.
Most of the MS data were found to be identical to that of the
original clinical findings, and results from this study are sum-
marized in Table 1. Two representative examples are shown in
Fig. 3. These samples were diagnosed as ACTH-secreting tumor
(sample A6; Fig. 3A) and GH-secreting tumor (sample H2; Fig.
3B). From these samples, the relevant hormones and corre-
sponding ISD fragments were detected by MALDI MSI and ISD
MSI, respectively (Fig. 3). We confirmed the identification by
Mascot searches from ISD mass spectra extracted from both
MALDI ISD MSI analyses with significance scores of 697
(ACTH, sample A6) and 368 (GH, sample H2) (SI Appendix,
Figs. S10–S12).

Using MALDI ISDMSI we also detected PRL from a series of
adenoma samples diagnosed as prolactinomas. Imaging of PRL
is shown in Fig. 4 for two different samples, namely O9 and O13.
We did not detect the presence of PRL in one of the studied
prolactinomas (sample O6), but further review of the H&E
staining revealed a complex histology with calcification that
could suppress the signal.
To resolve normal and pathological regions in pituitary tumor

sections, we correlated results to the histopathological evaluation
of both H&E and reticulin staining. The normal anterior pitui-
tary gland typically consists of an intact reticulin fiber network
formed around a small cluster of cells, whereas this fiber network
is disrupted in tumors (57). A representative example of an intact
reticulin network is shown in SI Appendix, Fig. S13. ACTH was
detected and correlated to normal regions of tissue from tumor,
and presumed to represent normal ACTH levels. Similarly, other
hormones such as GH and PRL were detected from normal
regions of the tumor samples and thought to be indicative of the
anatomical presentation of the tumor (SI Appendix, Table S2). A
nonfunctioning pituitary adenoma, sample N5, only showed
three focal regions with ACTH and GH, which correlated with
normal tissue regions according to reticulin staining (SI Appen-
dix, Fig. S14).

Approach to Tumor Localization and Delineation. In addition to the
ability to detect the relevant hormone biomarkers, some addi-
tional limiting criteria for application of the analyses for surgical
application include time of execution and specificity. The exe-
cution of the presented protocol, which relies on the direct
identification of protein/peptide hormones from tissue sections,
requires less than 30 min, which falls within the timeline of
pituitary surgery. A typical pituitary adenoma operation lasts

Fig. 3. Detection and confirmation of relevant proteins
within functioning pituitary tumors by MALDI MSI and
MALDI ISD MSI. (A) Ion images show the distribution of
intact ACTH and one of its ISD fragments (c10 ion) within an
ACTH secreting pituitary adenoma (sample A6). The H&E
staining along with the absence of reticulin fiber rings
from the reticulin stain indicate that this sample is a tumor.
(B) Ion images show distribution of intact GH and an ISD
fragment (c13 ion) within a GH secreting pituitary adenoma
(sample H2). The H&E staining along with the absence of
reticulin fiber compartments from the reticulin stain in-
dicate that this sample is a tumor.

Fig. 4. MALDI MSI analysis of prolactin secreting pi-
tuitary adenomas O9 and O13. (A) Left shows a MALDI
MSI ion image displaying the distribution of prolactin
(m/z 22,884.6) in sample O9. Middle and Right display
the optical images of serial sections, H&E stained
(Middle) or stained for reticulin (Right). The reticulin
staining indicates that this sample is a pituitary ade-
noma. (B) Left shows a MALDI MSI ion image displaying
the distribution of prolactin (m/z 22,884.9) in sample
O13. Middle and Right display the optical images of
serial sections, H&E stained (Middle) or stained for
reticulin (Right). The reticulin staining indicates that this
sample is also a pituitary adenoma.

Calligaris et al. PNAS | August 11, 2015 | vol. 112 | no. 32 | 9981

M
ED

IC
A
L
SC

IE
N
CE

S
CH

EM
IS
TR

Y

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1423101112/-/DCSupplemental/pnas.1423101112.sapp.pdf


www.manaraa.com

90 min to 3 h, allowing ample time for MALDI MS analysis. The
value brought from the ability to (i) detect the tumor and (ii)
delineate it from NP pituitary outweighs the current time limi-
tation of the method. The specificity in detecting pituitary ade-
nomas is further challenged by the fact that the adenomas, and
more specifically the secreting adenomas, produce hormones
that are also produced by the normal pituitary tissue, but at a
higher level. One approach would be to quantitate levels and
establish a threshold to be considered abnormal. A second ap-
proach, which we have applied, is to increase the specificity of
tumor delineation by using the additional information found in
the mass spectra. To do so, we performed principal component
analysis (PCA) to highlight the different protein signatures
existing between the NP pituitary glands and the nonsecreting
(NS)/secreting pituitary adenoma samples. The first PCA was
performed on data from four ACTH secreting adenoma and six
NP human pituitary glands (Fig. 5A). The first three principal
components (PCs) of the pituitary samples protein profiling data
show two specific groupings corresponding to the mass spectra
acquired on the ACTH secreting adenomas samples (red dots;
Fig. 5A) and the NP human pituitary gland samples (green dots;
Fig. 5A). The same results are observed between the mass
spectra acquired from five GH (red dots; Fig. 5B), four GH PRL
(green dots; Fig. 6B), or five FSH LH (red dots; Fig. 5C) se-
creting adenoma samples and six NP human pituitary gland
samples (blue dots; Fig. 5 B and C). Sensitivity and specificity of
MALDI MSI data for distinguishing secreting pituitary adeno-
mas from normal pituitary based on specific hormones were
evaluated and results are presented in SI Appendix, Table S3.
Using preoperative laboratory diagnosis of the secreting pituitary
adenomas and histopathology evaluation of the tissue as gold
standards (i.e., blood tests results and reticulin staining of Table
1), we estimated the overall sensitivity and specificity of the
MALDI MSI data in identifying ACTH, GH, and PRL secreting
pituitary adenomas from NP pituitary to be 83% and 93%, re-
spectively (SI Appendix, Table S3).

Nonsecreting adenomas can also be distinguished by PCA
according to their protein signature from most but not all se-
creting adenomas. As shown in Fig. 5D, the PCA indicates that
the mass spectra acquired from four ACTH (red dots; Fig. 5D),
four GH (green dots; Fig. 5D), two PRL (blue dots; Fig. 5D)
secreting adenoma samples, and five NS adenoma samples
(yellow dots; Fig. 5D) cluster separately, whereas a substantial
overlap exists among the mass spectra of the five FSH LH se-
creting (red dots; Fig. 5C) and the NS adenoma samples (green
dots; Fig. 5C). A classification model using machine learning was
further developed to discriminate nonsecreting pituitary adeno-
mas from NP pituitary glands. The leave-one-out cross‐validation
and recognition capability of the classifier were, respectively,
99.83% and 100% in the training dataset. Classification results
reported in Table 2 indicate that NS pituitary adenoma can be
distinguished from NP pituitary gland by MALDI MSI. PCA and
probabilistic latent semantic analysis (pLSA) results highlight the
delineation between the two groups and the differentiating mo-
lecular species (SI Appendix, Figs. S15 and S16).

Conclusion
MALDI MSI provides the ability to directly detect excess hor-
monal production in functional adenomas and to subtype pituitary
adenomas according to their broader protein signatures. The top-
down approach was developed and validated by using NP human
pituitary glands for which it resolved the hormonal topography of
the NP pituitary gland, consistent with the current understanding
of the geographic distribution of protein-producing cells. The
methodology can be performed under 30 min so it may aid in the
localization and delineation of adenomas; the discrimination of
tumor from normal gland; and in the preservation of the pos-
terior gland cells secreting vasopressin. The ability to rapidly
characterize pituitary tissue at the molecular level may facilitate
surgical resection and anterior and posterior gland preservation
to optimize patient outcomes.

Materials and Methods
The 6 human nonpathological pituitary glands and 45 pituitary adenoma
samples were prepared for histological and MALDI MS analyses. All of the
protocols including tissue preparation, matrix deposition, MS analyses, and
histochemistry are detailed in SI Appendix, SI Materials and Methods. The
methods used for protein identification using ISD data and Mascot searches,
and for statistical analyses using SVM analysis, sensitivity, and specificity
estimation of the MALDI MSI data in identifying secreting pituitary adeno-
mas from NP pituitary, PCA, and pLSA are also described.
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Fig. 5. PCA of MALDI MSI data from NP human pituitary glands, and se-
creting and nonsecreting pituitary adenomas. (A) Score plot of the three first
principal components (PC1–PC3) displaying mass spectra from four ACTH
secreting pituitary adenomas (A1, A2, A4, and A6; ACTH red dots) and six NP
human pituitary glands (NP green dots). (B) Score plot of the three first
principal components (PC1–PC3) displaying mass spectra from five GH (H1,
H2, H4, H6, and H10; GH red dots), four GH PRL (H5, H7, H8, and H9; GH PRL
green dots) secreting pituitary adenomas, and six NP human pituitary glands
(NP blue dots). (C) Score plot of the three first principal components (PC1–PC3)
displaying mass spectra from five FSH LH secreting pituitary adenomas (O2, O4,
O10, O11, and O12; FSH LH red dots), five NS pituitary adenomas (N6, N7, N8,
N9, and N10; NS green dots), and six NP human pituitary glands (NP blue
dots). (D) Score plot of the three first principal components (PC1–PC3) dis-
playing mass spectra from four ACTH (A1, A2, A4, and A6; ACTH red dots),
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Table 2. Classification results for nonsecreting pituitary
adenomas samples

Tissue type, %

Sample ID Reticulin Stain Normal Nonsecreting

N2 Tumor 1 99
N6 Tumor 0 100
N7 Tumor 0 100
N9 Tumor 1 99
N10 Tumor 0 100
N13 Tumor 2 98
N15 Tumor 0 100
O3 Normal 98 2
NP5 Normal 100 0
NP6 Normal 100 0

Results indicate the percent of pixels within each region of interest
selected for the analysis that were assigned to NS pituitary adenomas or NP
pituitary class.
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