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Simple Summary: Transsphenoidal resection of hard pituitary adenomas have a particularly high
risk of residual tumor and complications. Therefore, prediction of tumor consistency is valuable for
planning pituitary adenoma surgery. We prospectively examined whether quantitative pharmacoki-
netic analysis of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is useful for
predicting consistency of pituitary adenoma in 49 participants. We found that the measure of volume
of extravascular extracellular space per unit volume of tissue derived from DCE-MRI could predict
the consistency of pituitary adenomas. Furthermore, the volume of extravascular extracellular space
per unit volume of tissue was significantly positively correlated with histopathologic collagen content
of the adenoma. Our results suggest that volume of extravascular extracellular space per unit volume
of tissue derived from quantitative pharmacokinetic analysis of DCE-MRI has a predictive value for
consistency of pituitary adenomas.

Abstract: Prediction of tumor consistency is valuable for planning transsphenoidal surgery for
pituitary adenoma. A prospective study was conducted involving 49 participants with pituitary
adenoma to determine whether quantitative pharmacokinetic analysis of dynamic contrast-enhanced
magnetic resonance imaging (DCE-MRI) is useful for predicting consistency of adenomas. Phar-
macokinetic parameters in the adenomas including volume of extravascular extracellular space
(EES) per unit volume of tissue (ve), blood plasma volume per unit volume of tissue (vp), volume
transfer constant between blood plasma and EES (Ktrans), and rate constant between EES and blood
plasma (kep) were obtained. The pharmacokinetic parameters and the histologic percentage of
collagen content (PCC) were compared between soft and hard adenomas using Mann–Whitney U
test. Pearson’s correlation coefficient was used to correlate pharmacokinetic parameters with PCC.
Hard adenomas showed significantly higher PCC (44.08 ± 15.14% vs. 6.62 ± 3.47%, p < 0.01), ve

(0.332 ± 0.124% vs. 0.221 ± 0.104%, p < 0.01), and Ktrans (0.775 ± 0.401/min vs. 0.601 ± 0.612/min,
p = 0.02) than soft adenomas. Moreover, a significant positive correlation was found between ve and
PCC (r = 0.601, p < 0.01). The ve derived using DCE-MRI may have predictive value for consistency
of pituitary adenoma.
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1. Introduction

Pituitary adenomas are the most common lesions of the sella turcica, comprising
approximately 15% of all primary brain tumors [1]. Transsphenoidal surgery is among the
standard initial treatments for pituitary adenoma [2]. The main limitation of this technique
involves tumor consistency [3]. Most pituitary adenomas with soft consistency can be
easily removed using this technique [4,5]. However, tumors with hard consistency may
not be successfully debulked via the transsphenoidal approach [6]. Therefore, preoperative
information regarding tumor consistency is helpful to neurosurgeons for planning an
appropriate surgical approach that avoids or minimizes residual tumor and potential
complications [5,6]. Consistency of pituitary adenomas has been considered to be relevant
to collagen content [5–9].

There is controversy regarding the value of magnetic resonance imaging (MRI) in
predicting consistency of pituitary adenoma. Some studies have shown that relative signal
intensity or signal intensity ratio on T1- or T2-weighted MRI and apparent diffusion
coefficient (ADC) value may be predictive indicators for tumor consistency, while other
have denied their predictive values [2,4–11].

Dynamic contrast-enhanced MRI (DCE-MRI) with pharmacokinetic analysis allow for
non-invasive and quantitative assessment of specific tissues [12]. The extended Tofts model
is a widely used mathematical model for quantitative pharmacokinetic analysis [13–15],
and it provides a set of pharmacokinetic parameters including volume of extravascular ex-
tracellular space (EES) per unit volume of tissue (ve), blood plasma volume per unit volume
of tissue (vp), volume transfer constant between blood plasma and EES (Ktrans), and rate
constant between EES and blood plasma (kep) [16]. DCE-MRI can be used to provide infor-
mation concerning tumor microvascular distribution, perfusion, and permeability [17–19].
In addition, previous studies have reported that the fibrous content in pancreatic cancer
is significantly correlated with the values of ve [18]. DCE-MRI of the pituitary gland is
performed with a typical temporal resolution of 20 s. Only a few attempts have been made
to quantitatively analyze DCE-MRI data of the pituitary gland, which is presumably due
to the limited temporal resolution [20]. Recent studies have demonstrated the feasibility of
higher temporal resolution DCE-MRI using a prototype compressed sensing volumetric
interpolated breath-hold examination (CS VIBE) sequence [21,22].

We hypothesized that ve measurement using the CS VIBE sequence would be useful
in predicting the consistency of pituitary adenomas by identifying tumors with increased
collagen fibrous content. This study aims to prospectively evaluate values of quantitative
pharmacokinetic parameters to preoperatively predict the consistency of pituitary adenomas.

2. Materials and Methods
2.1. Participant Characteristics

The institutional review board approved this prospective cross-sectional study (ap-
proval no. 180255), and informed consent was obtained from each participant.

We included adult (age > 18 years) women and men with pituitary lesions who
underwent clinically indicated conventional and DCE-MRI between July 2018 and October
2020 at our institution. Exclusion criteria included pituitary lesions other than adenoma
and not undergoing tumorectomy. The hormonal activity of each pituitary adenoma
was determined by preoperative measurement of serum hormone levels and pituitary
provocation tests. The diagnoses of all the participants were confirmed on the hormonal
activity on the bases of guidelines of diagnosis and treatment of hypothalamic pituitary
dysfunction [23].
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2.2. Endocrine Studies

Blood basal levels of the anterior pituitary hormones (growth hormone [GH], thyroid
stimulating hormone [TSH], prolactin [PRL], luteinizing hormone [LH], follicle-stimulating
hormone [FSH], and adrenocorticotropic hormone [ACTH]) and their target hormones
(insulin-like growth factor 1 [IGF-1], free thyroxine [FT4], free triiodothyronine [FT3],
testosterone, and estradiol) were measured pre- and postoperatively. Pituitary stimulation
tests were also performed in some cases pre- and postoperatively using a combination
of thyrotropin-releasing hormone (TRH) (500 µg), LH-releasing hormone (100 µg), and
corticotropin-releasing hormone (100 µg). A chemiluminescent enzyme immunoassay was
used to measure TSH (normal range 0.50–5.00 µIU/mL). The tumor was considered to be
TRH responsive if the TSH level increased more than twice the basal level in response to
the TRH stimulation test. Cosecretion of GH was identified by supranormal IGF-1 levels
and a lack of GH suppression in response to a 75g glucose tolerance test. Associated hyper-
prolactinemia was identified when tumor cells showed prolactin immunopositivity. GH
hypersecretion was considered to be in complete remission when fulfilling the conditions of
a normal basal GH level, normal GH suppression (GH nadir < 0.4 ng/mL) during glucose
tolerance testing, and normal IGF-1 levels based on age and sex [24]. Octreotide (50 µg
administered subcutaneously) or bromocriptine (2.5 mg by mouth) tests were performed
to investigate TSH responses to somatostatin analogs or dopamine agonists. TSH was
considered suppressed if it decreased to less than 50% of the basal level. Plasma TSH, FT3,
and FT4 levels were measured 2–4 times during the 2-week hospital stay after surgery.

2.3. MRI Examinations

All participants underwent MRI with a 3 T scanner (MAGNETOM Prisma; Siemens
Healthcare, Erlangen, Germany) and a 20-channel head/neck coil. Our routine imaging
for the sellar region included the following pre-contrast sequences (Table 1): coronal pre-
contrast 2D T1-weighted spin-echo imaging, coronal 2D T2-weighted turbo spin-echo
imaging, and coronal diffusion-weighted imaging using readout-segmented echo-planar,
which reduces susceptibility and T2* blurring artifacts [25,26]. For DCE-MRI, coronal
T1-weighted imaging was performed using a prototype 3D CS VIBE sequence (Table 1).
The DCE-MRI scan was performed after intravenous injection of 0.1 mmol/kg meglumine
gadoterate (Magnescope; Guerbet, Aulnay-sous-Bois, France) followed by 20 mL of saline
at a rate of 4 mL/s. Subsequently, coronal post-contrast 3D T1-weighted spoiled gradient-
echo imaging was performed.
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Table 1. Pituitary MRI protocol.

MRI Protocol Pre-Contrast
T1-Weighted Imaging

T2-Weighted
Imaging DWI DCE

Imaging
Post-Contrast

T1-Weighted Imaging

Orientation Coronal Coronal Coronal Coronal Coronal
Sequence 2D SE 2D TSE RESOLVE 3D VIBE 3D FLASH
TR (ms) 450 4000 4000 3.9 4.68
TE (ms) 12 95 49 0.97 1.74

FA (degree) 70/180 90/130 150 10 11
Bandwidth (Hz/pixel) 130 189 694 670 370

Number of excitations 1 2 1 and 3 for low
and high b values 1 2

Turbo factor N/A 9 N/A N/A N/A
Acceleration factor 1 2 2 N/A N/A

CS factor N/A N/A N/A 7 N/A
b values (s/mm2) N/A N/A 0 and 1000 N/A N/A

Directions of
motion-probing

gradients
N/A N/A 3 N/A N/A

Readout segments N/A N/A 9 N/A N/A
FOV (mm2) 180 × 180 180 × 180 120 × 120 159 × 180 200 × 200

Matrix 240 × 320 313 × 448 84 × 120 163 × 192 320 × 256
Thickness (mm) 3 3 2 0.9 0.6

Intersection gap (mm) 0.3 0.3 0 N/A N/A
Temporal resolution (s) N/A N/A N/A 5 N/A

Acquisition time (s) 148 158 252 203 161

DWI: diffusion weighted image; DCE: dynamic contrast-enhanced; TR: repetition time; TE: echo time; FA: flip angle; CS: compressed
sensing; FOV: field of view; SE: spin-echo; TSE: turbo spin-echo; RESOLVE: readout-segmented echo-planar; VIBE: volumetric interpolated
breath-hold examination; FLASH: fast low-angle shot; N/A: not applicable.

2.4. Measurement of Maximum Tumor Diameter and Volume

The maximum tumor diameter was measured by a radiologist (D.N. with 3 years of
radiological experience) on coronal post-contrast 3D T1-weighted images using a picture
archiving and communication system (Synapse; Fujifilm Medical, Tokyo, Japan). A pre-
viously proposed equation (volume = 0.5 × length × height × width) [27] was used to
estimate the tumor volume.

2.5. Parasellar Extension on MRI (Grading System)

To evalutate radiological characteristics of cavernous sinus involvement, we used a
grading system proposed by Knosp et al. [28]. This grading system classifies the parasel-
lar extension of pituitary adenomas on coronal MRI including pre-contrast T1- and T2-
weighted images and post-contrast T1-weighted images. Three lines connecting the cross-
section of the intracavernous and supracavernous internal carotid arteries distinguish
4 grades of parasellar adenoma extension: a medial tangent, a line through the cross-
sectional centers, and a lateral tangent. The adenomas were divided into two groups
according to the Knosp grading system: low grade with Knosp grade 0, 1, and 2 tumors
and high grade with Knosp grade 3 and 4 tumors, because it was reported that the Knosp
grade 0, 1, and 2 tumors demonstrated low rate (0%, 0% and 9.9%) and grade 3 and
4 tumors demonstrated high rate (37.9% and 100%) of cavernous sinus invasion [29].

2.6. Pharmacokinetic Analysis of DCE-MRI

Data of DCE-MRI were analyzed using Vitrea (Canon Medical Systems Corporation,
Otawara, Japan). The arterial input function was automatically detected at the internal
carotid artery. The extended Tofts model was used to calculate tumor pharmacokinetic
parameters (ve, vp, Ktrans, and kep) [16].

The pre-contrast T1-weighted MRIs, T2-weighted MRIs, ADC maps, and pharmacoki-
netic parameters were automatically co-registered to the post-contrast T1-weighted MRIs
in Vitrea. Region of interests (ROIs) were first drawn on the contrast-enhanced MRIs by
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two independent radiologists (K.K. and M.B. with 23 and 5 years of radiological experience,
respectively) who were blinded to participants’ clinical information. These were then
duplicated on the other image types. ROIs were manually annotated on the coronal slice
with maximum lesion extent. Cystic, necrotic, and hemorrhagic areas were intentionally
excluded. An additional round ROI (5 mm diameter) was placed in the normal-appearing
white matter of the temporal lobe. The mean signal intensity or parametric value was
obtained for each ROI.

For the conventional images, relative signal intensity of the pituitary adenoma was
assessed by calculating the ratio of signal intensity on T1-weighted (rT1) and T2-weighted
MRI (rT2) in the tumor to those in the normal-appearing white matter.

2.7. Intraoperative Findings

Tumor consistency was evaluated during surgery by a neurosurgeon (S.F. with 18 years
of neurosurgery experience), who was blinded to the result of quantitative MRI. The tumors
were classified into groups of soft and hard consistency: tumors with soft were easily
removable through suction, and those with hard consistency were removable with difficulty
through suction or not removable through suction but excisable piece by piece [4–11].

2.8. Histologic Examination

Histopathological examinations were performed by one pathologist (K.T. with 20 years
of experience) who was blinded to the MRI data. Tissues were fixed in 4% paraformalde-
hyde in 0.05 M phosphate buffer, pH 7.4, followed by immersion in 30% sucrose in 0.05 M
phosphate buffer, pH 7.2. Tissues were then processed into cryoblocks with liquid nitrogen
and kept in deep freeze. A cryostat was used to obtain 8 µm cryosections, and the tissues
were then mounted on glass slides. Tissue conditions were confirmed by hematoxylin–
eosin. Azan staining was performed to detect fibrous matrix deposition (Azan staining
displays fibrous matrix in blue; other tissue regions are stained in red or purple). Percent-
age of collagen content (PCC) was obtained using the following methods. Azan-stained
histopathological slides were scanned using Aperio CS2 (× 20 magnification; Leica Biosys-
tems, Vista, CA), and images of five randomly chosen areas within the lesions were taken
using × 400 magnification. Areas of collagen were measured by automatically tracing
collagen content contours using an image processing integration software (WinROOF2015,
version 3.12.0; Mitani Corp., Tokyo, Japan). PCC was calculated by using the following
equation: PCC = [Σ(Acoll)/Σ(Atum)] × 100, where Acoll is area of collagen and Atum is
area of total tumor.

2.9. Postoperative MRI Examinations

Each participant in this study received follow-up MRI examinations 6 months postop-
eratively to determine extent of tumor resection (presence/absence of residual tumor), and
yearly follow-up was performed thereafter. Tumor regrowth was positive when a tumor
maximum diameter increased by more than 2 mm on MRI from the first follow-up MRI.

2.10. Statistical Analyses

Statistical analyses were performed using MedCalc version 15.10.0 (MedCalc Soft-
ware, Mariakerke, Belgium). Relationships between categorical variables were tested using
either the Chi square test or Fisher’s exact test. Comparisons between numerical variables
were preformed using either the Mann–Whitney U test or unpaired t-test. We used the
D’Agostino–Pearson normality test to check the normality of the data. Pearson’s correlation
coefficients were used to analyze correlations between the MRI parameters, PCC, and hor-
mone levels. Interobserver agreement for MRI parameters was evaluated using intraclass
correlation coefficients. Intraclass correlation coefficients of >0.74 were considered excellent
agreement [30]. The values measured by the two observers were averaged for each ROI.
Receiver operating characteristic curves were generated to calculate the area under the
receiver operating characteristic curves, sensitivity, specificity, and accuracy. The maximum
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Youden index was used to determine the optimal cut-off points. The DeLong method
was used to compare area under the receiver operating characteristic curve values [31].
p values < 0.05 indicated statistical significance.

3. Results
3.1. Characteristics of Participants and Adenomas

From 100 participants with pituitary lesions, the following participants were excluded:
26 who had pituitary lesions other than adenoma (histologically confirmed Rathke’s cleft
cyst [n = 11] and craniopharyngioma [n = 6], meningioma [n = 4], germinoma [n = 2], and
arachnoid cyst [n = 3] showing typical imaging findings), and 25 who had pituitary adeno-
mas (nonfunctioning [n = 17] and PLR producing adenoma [n = 8]) without undergoing
tumorectomy. A total of 49 participants (mean age 55 ± 17 years; 23 men and 26 women)
with pituitary adenoma were included in the final sample (Figure 1). Forty-eight partic-
ipants were treated with the endoscopic endonasal transsphenoidal technique, and one
participant underwent combined transsphenoidal and transcranial resection. Tumor con-
sistency at surgery was classified as soft and hard in 34 (69.4%) and 15 (30.6%) participants,
respectively. One participant with TSH producing adenoma treated with somatostatin
analogues prior to the operation, and tumor was soft consistency. Three participants had
recurrent tumors and were undergoing a second surgery, and all three tumors had hard
consistency. No other participants had any prior treatment including radiotherapy. No
participant had pituitary apoplexy.
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Figure 1. Study flowchart for the inclusion and exclusion criteria of the participant sample and
pituitary lesion characterization. DCE-MRI: dynamic contrast-enhanced MRI.

Table 2 shows the characteristics of participants and adenomas. A total of 33 par-
ticipants were diagnosed as nonfunctioning adenomas, 13 as GH producing adenomas,
2 as TSH producing adenomas, and 1 as an ACTH producing adenoma. There were no
significant differences in participants age, gender, hormonal function between soft and
hard adenomas.

Hard adenomas had significantly higher Knosp grade than soft adenomas (p = 0.01).
Hypopituitarism was significantly more frequent in hard adenomas than in soft adenomas
(p < 0.01). There was no significant difference in the frequency of residual tumor nor tumor
regrowth between hard and soft adenomas.



Cancers 2021, 13, 3914 7 of 17

Table 2. Characteristics of participants and adenomas.

Participants Characteristics Total
(n = 49)

Soft Adenoma
(n = 34)

Hard Adenoma
(n = 15) p Value

Age (y) 55 ± 17 53 ± 17 60 ± 17 0.12 a

No. of men 23 (46.9) 15 (44.1) 8 (53.3) 0.76 a

Maximum diameter (mm) 24.2 ± 12.2 24.8 ± 14.0 26.1 ± 7.0 0.27 a

Volume (mm3) 8090 ± 13,570 8830 ± 16,070 6420 ± 4210 0.18 a

Pituitary lesions
Nonfunctioning 33 (67.3) 21 (61.8) 12 (80.0) 0.32 b

Functioning 16 (32.7) 13 (38.2) 3 (20.0)
GH producing 13 (26.5) 10 (29.4) Densely granulated 3 (20.0) Sparsely granulated
TSH producing 2 (4.1) 2 (5.9) Densely granulated 0 (0)

ACTH producing 1 (2.1) 1 (2.9) Densely granulated 0 (0)
Knosp classification

0 3 (6.1) 3 (8.8) 0 (0) 0.01 a

1 13 (26.5) 11 (32.4) 2 (13.3)
2 12 (24.5) 10 (29.4) 2 (13.3)
3 18 (36.8) 8 (23.5) 10 (66.7)
4 3 (6.1) 2 (5.9) 1 (6.7)

Residual tumor 12 (24.5) 6 (17.6) 6 (40.0) 0.09 c

Hypopituitarism 24 (49.0) 13 (38.2) 11 (73.3) <0.01 c

Tumor regrowth 4 (8.2) 3 (8.8) 1 (6.7)

GH: growth hormone; TSH: thyrotropin-releasing hormone; ACTH: adrenocorticotropic hormone. Statistical tests used: a Mann–Whitney
U test, b Fisher’s exact test, c Chi squared test.

Representative cases are presented in Figures 2 and 3.
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Figure 2. Pituitary adenomas with hard consistency. A contrast-enhanced coronal T1-weighted image of a pituitary adenoma
extending into the suprasellar cistern (A). The adenoma is slightly hypointense in the white matter on the T1-weighted
image (rT1 = 0.931; B) and hyperintense on the T2-weighted image (rT2 = 1.71; C). The corresponding ADC map shows a
low ADC value (0.674 × 10−3mm2/s; D). Pharmacokinetic parametric mapping shows a high ve value (0.440; E), a low vp

value (0.050; F), a high Ktrans value (0.615/min; G), and a low kep value (1.410/min; H) in the adenoma. Region of interests
for tumor and normal-appearing white matter are indicated by red and yellow lines, respectively. Azan-stained section of
tumor at pathologic examination shows abundant collagen in the stromal fibrous tissue in blue and small tumor cells in red
(PCC = 50.9%; I). Bar indicates 20 mm (A–H), 200 µm (I). rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of
signal intensity on T2-weighted MRI; ADC: apparent diffusion coefficient; ve: volume of extravascular extracellular space
per unit volume of tissue; vp: blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between
blood plasma and extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood
plasma; PCC: percentage of collagen content.
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Figure 3. Pituitary adenoma with soft consistency. A contrast-enhanced coronal T1-weighted image of a pituitary mi-
croadenoma which maximum diameter is 6 mm (A). The adenoma is hypointense in the white matter on the T1-weighted
image (rT1 = 0.796; B) and hyperintense on the T2-weighted image (rT2 = 1.422; C). The corresponding ADC map shows a
low ADC value (0.581 × 10−3mm2/s; D). Parametric mapping shows a low ve value (0.205; E), a low vp value (0.030; F),
a low Ktrans value (0.395/min; G), and a high kep value (1.900/min; H) in the adenoma. Region of interests for tumor
and normal-appearing white matter are indicated by red and yellow lines, respectively. Azan-stained section of tumor at
pathologic examination shows scant collagen in the stromal fibrous tissue in blue within predominant tumor cells in red
(PCC = 6.1%; I). Bar indicates 20 mm (A–H), 200 µm (I). rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of
signal intensity on T2-weighted MRI; ADC: apparent diffusion coefficient; ve: volume of extravascular extracellular space
per unit volume of tissue; vp: blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between
blood plasma and extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood
plasma; PCC: percentage of collagen content.

3.2. Maximum Diameter and Volume of Pituitary Adenomas

The maximum diameter of pituitary adenomas ranged from 6 to 69 mm. Three
adenomas (6%) were smaller than 10 mm in maximum diameter (microadenoma), three
adenomas (6%) were larger than 40 mm in maximum diameter (giant adenoma), while the
remaining 43 (88%) were 10 mm or lager and 40 mm or smaller (macroadenoma). There
was no significant difference in maximum diameter between soft and hard adenomas
(24.8 ± 14.0 mm vs. 26.1 ± 7.0 mm, p = 0.27; Table 2). The volume of pituitary adenomas
ranged from 87.5 to 68930 mm3. There was no significant difference in volume between
soft and hard adenomas (8830 ± 16070 mm3 vs. 6420 ± 4210 mm3, p = 0.18; Table 2).

3.3. Interobserver Agreement

The intraclass correlation coefficients and 95% confidence intervals for rT1, rT2, ADC,
ve, vp, Ktrans, and kep were 0.778 (0.638 to 0.868), 0.940 (0.895 to 0.965), 0.818 (0.699 to 0.893),
0.923 (0.867 to 0.956), 0.980 (0.965 to 0.989), 0.917 (0.857 to 0.952), and 0.882 (0.800 to 0.932),
respectively, which indicated excellent agreement for all measures.

3.4. Comparisons of Imaging and Histologic Parameters between Nonfunctioning and GH
Producing Adenomas

Mean values of the MRI parameters and PCC of the histological examination for non-
functioning and GH producing adenomas are shown in Table 3. GH producing adenomas
had significantly lower rT2 than nonfunctioning adenomas (1.359 ± 0.334 vs. 1.763 ± 0.377,
p < 0.01). No significant difference was found in any other MRI parameter or PCC.
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Table 3. MRI parameters and histologic percentage of collagen content of nonfunctioning and GH
producing adenomas.

Parameters Nonfunctioning (n = 33) GH-Producing (n = 13) p Value

rT1 0.837 ± 0.079 0.850 ± 0.074 0.81 a

rT2 1.763 ± 0.377 1.359 ± 0.335 <0.01 a

ADC (10−3 mm2/s) 0.856 ± 0.270 0.748 ± 0.121 0.18 a

ve 0.250 ± 0.124 0.266 ± 0.131 0.70 b

vp 0.069 ± 0.084 0.047 ± 0.052 0.70 a

Ktrans (/min) 0.734 ± 0.646 0.482 ± 0.301 0.40 a

kep (/min) 2.558 ± 1.891 1.918 ± 1.147 0.26 b

PCC (%) 19.88 ± 20.33 15.61 ± 19.51 0.35 a

GH: growth hormone; rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-
weighted MRI; ADC: apparent diffusion coefficient; ve: volume of extravascular extracellular space per unit
volume of tissue; vp: blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between
blood plasma and extravascular extracellular space; kep: rate constant between extravascular extracellular
space and blood plasma; PCC: percentage of collagen content. Statistical tests used: a Mann–Whitney U test,
b unpaird t-test.

3.5. Correlation of Imaging and Histologic Parameters, and Levels of GH and IGF-1 in Participants
with GH-Producing Adenoma

We found a significant positive correlation between vp and level of GH in GH pro-
ducing adenomas (n = 13, r = 0.630, p = 0.02). No other MRI parameters and PCC showed
a significant correlation with GH (rT1 [r = 0.402, p = 0.17], rT2 [r = 0.123, p = 0.69], ADC
[r = −0.256, p = 0.40], ve [r = −0.480, p = 0.10], Ktrans [r = −0.424, p = 0.15], kep [r = −0.333,
p = 0.27], and PCC [r = −0.273, p = 0.37]) or IGF-1 (rT1 [r = 0.294, p = 0.33], rT2 [r = −0.019,
p = 0.95], ADC [r = −0.299, p = 0.32], ve [r = −0.497, p = 0.08], vp [r = 0.391, p = 0.19], Ktrans

[r = −0.397, p = 0.18], kep [r = −0.149, p = 0.63], and PCC [r = −0.308, p = 0.31]).

3.6. Hypopituitarism and Correlation of Imaging and Histologic Parameters, and Cortisol of
Nonfunctioning Adenomas

Twenty-one (63.3%) participants with nonfunctioning adenoma had hypopituitarism:
11 (52.4%) participants had cortisol deficits, 3 (14.3%) had FSH deficits, 3 (14.3%) had under-
gone thyroid agent treatment, and 4 (19.0%) had diabetes insipidus. No MRI parameters or
PCC showed a significant correlation with cortisol (rT1 (r = 0.055, p = 0.76), rT2 (r = −0.069,
p = 0.70), ADC (r = −0.036, p = 0.84), ve (r = −0.052, p = 0.77), vp (r = 0.136, p = 0.45), Ktrans

(r = −0.059, p = 0.75), kep (r = −0.073, p = 0.69), and PCC (r = −0.118, p = 0.51)).

3.7. Comparisons of Imaging and Histologic Parameters between the Low and High Grade of
Knosp Classification

Mean values of the MRI parameters and PCC of the histological examination for the
low and high grade of Knosp classification are shown in Table 4. High grade of Knosp
classification adenomas had significantly higher PCC than low grade of Knosp classification
adenomas (12.58 ± 15.27 vs. 25.43 ± 22.28, p = 0.03). No significant difference was found
in any other MRI parameter.

3.8. Comparisons of Imaging and Histologic Parameters between Total Resection and
Residual Tumor

Mean values of the MRI parameters and PCC of the histological examination for total
resection and residual tumor are shown in Table 5. There were no significant differences in
any parameter.
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Table 4. MRI parameters and histologic percentage of collagen content of the low and high grade of
Knosp classification.

Parameters Low Grade (n = 28) High Grade (n = 21) p Value

rT1 0.842 ± 0.081 0.847 ± 0.080 0.85 a

rT2 1.590 ± 0.467 1.697 ± 0.319 0.37 a

ADC (10−3 mm2/s) 0.849 ± 0.292 0.764 ± 0.156 0.20 b

ve 0.237 ± 0.116 0.279 ± 0.126 0.24 a

vp 0.065 ± 0.086 0.056 ± 0.057 0.69 b

Ktrans (/min) 0.617 ± 0.534 0.703 ± 0.608 0.61 b

kep (/min) 2.268 ± 1.629 2.490 ± 1.773 0.66 b

PCC (%) 12.58 ± 15.27 25.43 ± 22.28 0.03 b

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC:
apparent diffusion coefficient; ve: volume of extravascular extracellular space per unit volume of tissue; vp:
blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between blood plasma and
extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood plasma;
PCC: percentage of collagen content. Statistical tests used: a unpaird t-test, b Mann–Whitney U test.

Table 5. MRI parameters and histologic percentage of collagen content of total resection and resid-
ual tumor.

Parameters Total Resection (n = 36) Residual Tumor (n = 13) p Value

rT1 0.854 ± 0.080 0.819 ± 0.078 0.18 a

rT2 1.650 ± 0.444 1.600 ± 0.310 0.71 a

ADC (10−3 mm2/s) 0.820 ± 0.267 0.793 ± 0.179 0.69 b

ve 0.243 ± 0.121 0.288 ± 0.120 0.25 a

vp 0.062 ± 0.075 0.057 ± 0.077 0.85 b

Ktrans (/min) 0.567 ± 0.466 0.894 ± 0.739 0.16 b

kep (/min) 2.109 ± 1.472 3.067 ± 2.052 0.14 b

PCC (%) 16.45 ± 18.71 22.64 ± 21.58 0.37 b

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC:
apparent diffusion coefficient; ve: volume of extravascular extracellular space per unit volume of tissue; vp:
blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between blood plasma and
extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood plasma;
PCC: percentage of collagen content. Statistical tests used: a Mann–Whitney U test, b unpaird t-test.

3.9. Comparisons of Imaging and Histologic Parameters between Soft and Hard Adenomas of
All Adenomas

Mean values of the MRI parameters and PCC of the histological examination for soft
and hard adenomas are shown in Table 6. Hard adenomas had significantly higher PCC
than soft adenomas (44.08 ± 15.14 vs. 6.62 ± 3.47, p < 0.01). Hard adenomas had signifi-
cantly higher ve (0.332 ± 0.124 vs. 0.221 ± 0.104, p < 0.01) and Ktrans (0.775 ± 0.401/min
vs. 0.601 ± 0.612/min, p = 0.02) values than soft adenoma, whereas there were no signif-
icant differences in rT1 (0.854 ± 0.088 vs. 0.840 ± 0.077, p = 0.40), rT2 (1.580 ± 0.295 vs.
1.661 ± 0.453, p = 0.55), ADC (0.769 ± 0.201 × 10−3 mm2/s vs. 0.832 ± 0.263 × 10−3 mm2/s,
p = 0.47), vp (0.040 ± 0.042 vs. 0.070 ± 0.084, p = 0.36), or kep (2.641 ± 1.672/min vs.
2.240 ± 1.691/min, p = 0.37) values (Table 6).

3.10. Comparisons of Imaging and Histologic Parameters between Soft and Hard
Nonfunctioning Adenomas

Mean values of the MRI parameters and PCC of the histological examination for soft
and hard nonfunctioning adenomas are shown in Table 7. Hard nonfunctioning adenomas
had significantly higher PCC (43.08 ± 15.91 vs. 6.62 ± 3.51, p < 0.01) and ve (0.310 ± 0.114
vs. 0.215 ± 0.118, p = 0.03), and significantly lower vp (0.036 ± 0.043 vs. 0.089 ± 0.096,
p = 0.04) and rT2 (1.558 ± 0.273 vs. 1.880 ± 0.383, p = 0.01) values than soft nonfunctioning
adenoma, whereas there were no significant differences in the other MRI parameters
(Table 7).
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Table 6. MRI parameters and histologic percentage of collagen content of soft and hard adenomas of
all adenomas.

Parameters
Tumor Consistency Group

p Value
Soft Adenoma (n = 34) Hard Adenoma (n = 15)

rT1 0.840 ± 0.077 0.854 ± 0.088 0.40 a

rT2 1.661 ± 0.453 1.580 ± 0.295 0.55 a

ADC (10−3 mm2/s) 0.832 ± 0.263 0.769 ± 0.201 0.47 a

ve 0.221 ± 0.104 0.332 ± 0.124 <0.01 b

vp 0.070 ± 0.084 0.040 ± 0.042 0.36 a

Ktrans (/min) 0.601 ± 0.612 0.775 ± 0.401 0.02 a

kep (/min) 2.240 ± 1.691 2.641 ± 1.672 0.37 a

PCC (%) 6.62 ± 3.47 44.08 ± 15.14 <0.01 b

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC:
apparent diffusion coefficient; ve: volume of extravascular extracellular space per unit volume of tissue; vp:
blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between blood plasma and
extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood plasma;
PCC: percentage of collagen content. Statistical tests used: a Mann–Whitney U test, b unpaird t-test.

Table 7. MRI parameters and histologic percentage of collagen content of soft and hard nonfunction-
ing adenomas.

Parameters
Tumor Consistency Group

p Value
Soft Adenoma (n = 21) Hard Adenoma (n = 12)

rT1 0.824 ± 0.071 0.861 ± 0.090 0.24 a

rT2 1.880 ± 0.383 1.558 ± 0.273 0.01 a

ADC (10−3 mm2/s) 0.913 ± 0.285 0.756 ± 0.217 0.09 a

ve 0.215 ± 0.118 0.310 ± 0.114 0.03 b

vp 0.089 ± 0.096 0.036 ± 0.043 0.04 a

Ktrans (/min) 0.680 ± 0.752 0.829 ± 0.413 0.47 a

kep (/min) 2.365 ± 2.006 2.894 ± 1.701 0.43 a

PCC (%) 6.62 ± 3.51 43.08 ± 15.91 <0.01 a

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC:
apparent diffusion coefficient; ve: volume of extravascular extracellular space per unit volume of tissue; vp:
blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between blood plasma and
extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood plasma;
PCC: percentage of collagen content. Statistical tests used: a Mann–Whitney U test, b unpaird t-test.

3.11. MRI Parameters Correlated with Percentage of Collagen Content in Pituitary Adenomas

We found a significant positive correlation between ve and PCC in pituitary adenomas
(n = 49, r = 0.601, p < 0.01; Figure 4). No other MRI parameters showed a significant
correlation with PCC (rT1 [r = 0.035, p = 0.81], rT2 [r = −0.075, p = 0.61], ADC [r = 0.044,
p = 0.76], vp [r = −0.165, p = 0.26], Ktrans [r = 0.057, p = 0.70], and kep [r = −0.055, p = 0.71]).
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In addition, we found a significant positive correlation between ve and PCC in non-
functioning adenomas (n = 33, r = 0.567, p < 0.01), whereas no significant correlation with
PCC was found in the other MRI parameters (rT1 [r = 0.157, p = 0.38], rT2 [r = −0.309,
p = 0.08], ADC [r = −0.063, p = 0.73], vp [r = −0.238, p = 0.18], Ktrans [r = 0.033, p = 0.85],
and kep [r = −0.045, p = 0.81]).

3.12. Diagnostic Performance

Figure 5 shows the receiver operating characteristic curves for the MRI parameters.
The area under the receiver operating characteristic curves for rT1, rT2, ADC, ve, vp,
Ktrans, and kep were 0.578, 0.555, 0.566, 0.712, 0.583, 0.703, and 0.582, respectively (Table 8).
Among the MRI parameters, ve was the most discriminative quantitative measurement for
predicting hard adenomas; however, the area under the receiver operating characteristic
curve for ve did not significantly differ from other parameters. Table 4 shows sensitivity,
specificity, and accuracy at the optimal cut-off values of each MRI parameter for the
diagnosis of hard adenomas. Among all MRI parameters, ve showed the highest accuracy
(81.6%) among all MRI parameters.
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Figure 5. Receiver operating characteristic curve of each parameter for differentiating hard adenomas
from soft adenomas (34 soft adenomas and 15 hard adenomas). rT1: ratio of signal intensity on T1-
weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC: apparent diffusion coefficient;
ve: volume of extravascular extracellular space per unit volume of tissue; vp: blood plasma volume
per unit volume of tissue; Ktrans: volume transfer constant between blood plasma and extravascular
extracellular space; kep: rate constant between extravascular extracellular space and blood plasma.

Table 8. Diagnostic performance of MRI parameters in detecting hard adenomas.

Parameters AUC Optimal Cut-Off Value Sensitivity (%) Specificity (%) Accuracy (%)

rT1 0.578 0.866 60.0 (9/15) 64.7 (22/34) 63.3 (31/49)
rT2 0.555 1.551 53.3 (8/15) 64.7 (22/34) 61.2 (30/49)

ADC 0.566 0.674 (10−3 mm2/s) 46.7 (7/15) 73.5 (25/34) 65.3 (32/49)
ve 0.712 0.365 40.0 (6/15) 100 (34/34) 81.6 (40/49)
vp 0.583 0.100 93.3 (14/15) 26.5 (9/34) 46.9 (23/49)

Ktrans 0.703 0.560 (/min) 80.0 (12/15) 67.7 (23/34) 71.4 (35/49)
kep 0.582 1.980 (/min) 60.0 (9/15) 67.7 (23/34) 65.3 (40/49)

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ve: volume of extravascular extracellular
space per unit volume of tissue; vp: blood plasma volume per unit volume of tissue; Ktrans: volume transfer constant between blood plasma
and extravascular extracellular space; kep: rate constant between extravascular extracellular space and blood plasma.
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4. Discussion

The present study suggests that preoperative mapping of volume of extravascular
extracellular space per unit volume of tissue derived from pharmacokinetic dynamic
contrast-enhanced MRI is a useful imaging method for predicting the consistency of pitu-
itary adenomas. Tumor consistency can critically affect surgical resectability of pituitary
adenomas in participants who have been treated using a transsphenoidal endoscopic tech-
nique [5,6]. In most cases, pituitary adenoma has a soft consistency, and thus, aspiration
and curettage are typically used to remove the tumor. However, 5–15% of large pituitary
adenomas have a hard consistency [9], and these tumors require resection using a surgical
knife [32], which may increase the risk of complications, such as damage of the healthy
pituitary gland, internal carotid artery, and optic nerve. Moreover, transsphenoidal resec-
tion of hard adenomas can result in residual tumor tissue and may require a second-look
surgery, radiotherapy, or additional transcranial surgery. Therefore, imaging prediction of
tumor consistency is valuable for planning transsphenoidal surgery for pituitary adenoma.
To the best of our knowledge, this is the first study to reveal the utility of quantitative
pharmacokinetic analysis of dynamic contrast-enhanced MRI in predicting the consistency
of pituitary adenoma.

Consistency of pituitary adenoma has been considered to be relevant to collagen
content [5,8,9,32]. On the basis of Azan, van Gieson, and Sirius red staining methods,
previous studies have reported mean percentages of collagen contents of hard adenomas
were significantly higher than those of soft adenomas [9,33–35]. This study confirmed a
relative abundancy of collagen, as measured by histopathological PCC, in hard adenomas
compared with soft adenomas. In pancreatic cancer, extracellular fibrosis content has
been shown to be positively correlated to ve obtained using pharmacokinetic analysis of
DCE-MRI [18]. Collagen content is also one of the extravascular extracellular matrices in
pituitary adenomas; thus, it is conceivable that higher PCC is associated with an increase
in ve. As expected, this study revealed that ve was positively correlated with PCC in
pituitary adenomas.

Despite the routine implementation of DCE-MRI as a preoperative MRI protocol for
pituitary adenoma, quantitative pharmacokinetic analysis of pituitary DCE-MRI has rarely
been reported. Zhai et al. [20] and Liu et al. [36] performed pharmacokinetic analysis
of pituitary DCE-MRI using T1-weighted gradient-echo pulse sequences with temporal
resolutions of 8 to 8.5 s and an in-plane resolution of <1 mm2 but comparatively thicker
slices ranging from 2.5 to 3 mm. In this study, we employed the compressed sensing
incorporated in a 3D gradient-echo sequence to enable both higher temporal resolution
(5 s) and submillimeter isotropic voxels (0.9 × 0.9 × 0.9 mm3) [37]. This type of imaging
technique allows quantitative pharmacokinetic DCE-MRI of smaller pituitary lesions.

In addition to the pharmacokinetic parameters, we tested the possible utility of con-
ventional MRI parameters for the prediction of pituitary adenoma consistency. Previous
studies have reported conflicting results. Ma et al. [8] showed that relative signal intensity
(tumor to frontal lobe white matter) on pre-contrast T1-weighted images are useful in
predicting the consistency of pituitary adenoma, whereas other studies have suggested that
there is no relationship between tumor consistency and signal intensity on T1-weighted
MRIs [2–6]. Furthermore, another study described an inverse correlation between signal
intensity on T2-weighted MRIs and collagen content, which was abundant in hard pituitary
adenomas [9]. However, several studies have failed to show such a relationship [2–7]. One
study demonstrated that lower ADC values are correlated with softer tumor consistency
at surgery and with higher cellularity at pathology [5]. In contrast, there has also been a
report that showed that lower ADC values are correlated with harder tumor consistency
and higher collagen content [7]. We did not find significant correlations between rT1,
rT2, and ADC maps with tumor consistency or collagen content. Our study showed that
the hard adenomas have significantly higher Knosp score and residual tumor than soft
adenomas. Our results are in line to previous literature, which showed tumors extending
into the cavernous sinuses had a higher consistency grade [38]. In our study, none of
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rT1, rT2, or ADC was significantly correlated with tumor consistency or collagen content
when all adenoma subtypes were included in the analysis. However, the present study
revealed that rT2 of hard nonfunctioning adenoma was significantly lower than that of
soft nonfunctioning adenoma, while no significant difference was noted in rT1 nor ADC.
It was suggested that in addition to ve, rT2 may be useful in predicting consistency of
nonfunctioning adenomas.

Previous studies have implicated GH in the progression of several cancers, including
breast, colorectal, and pancreatic [39–41]. A mechanism by which GH may play this role in
cancer is through the induction of the epithelial-to-mesenchymal transition [42] and may
lead theoretically to increase in fibroblasts [42,43]. However, our study failed to show a
significant correlation between the GH level and PCC. The GH level showed a significant
positive correlation with vp, which is blood plasma volume per unit volume of tissue. The
underlying mechanism of this correlation is unknown.

Our study showed that the rT2 of GH producing adenomas was significantly lower
than that of nonfunctioning adenomas, which is compatible with literature [34,44]. It was
previously reported that T2 signal intensity is correlated with granulation pattern, collagen
content, degree of fibrosis, and amyloid accumulation in GH producing adenomas [34,44].

There were two TSH producing adenomas in our series, and both had soft consistency.
It was previously reported that TSH producing adenomas are characterized by fibrosis and
hard tumor consistency [45,46], which was not the case in our series. Future studies with
larger number of participants are required to clarify this point.

In our series, only one participant received preoperative treatment with somatostatin
analogues, which may possibly influence microenvironment in adenoma by altering hor-
monal secretion, cytokine, and growth factor secretome [47]. A previous study reported
that there was no significant change in T2 signal intensity ratio between before and after
somatostatin analogue treatment in GH producing adenomas [48]. Effects of somatostatin
analogue treatment on MRI parameters and tumor consistency need to be clarified in
future studies.

In our study, the cortisol level did not influence MRI parameters or PCC in participants
with nonfunctioning adenomas. This result did not support a hypothesis that participants
with low cortisol may have decreased blood pressure and circulation, which might be
affecting the dynamic MRI parameters.

No imaging parameter was significantly different between totally resected tumors and
those with residual tumor, and we failed to show that ve is a direct predictor for residual
tumor. However, the mean value of ve of adenomas with residual tumor was higher than
that of totally resected tumors. Therefore, it would be worth further studies as a candidate
for predictor of surgical outcomes. Tumor regrowth was seen in only 4 cases, therefore
we could not statistically compare MRI parameters and PCC between tumors with and
without regrowth. Future studies with larger number of participants are required to clarify
the roles of MRI parameters in predicting outcomes of pituitary adenoma.

This study has some limitations. First is the use of a small sample size. Further studies
should study a larger sample of participants to validate the potential threshold value of
ve for tumor resectability using aspiration. Second, we did not perform immunohisto-
chemistry analyses for pituitary transcription factors to define the lineage of the pituitary
tumors according to WHO 2017 classification. Instead, each participant was diagnosed
according to the guideline of diagnosis and treatment of hypothalamic pituitary dysfunc-
tion published by The Japan Endocrine Society in 2019 [23]. Correlations between the full
classification of the pituitary adenoma and MRI parameters remain to be a subject of future
studies. Finally, assessment of tumor consistency was carried out qualitatively by a single
operating surgeon, so possible observer bias cannot be excluded. Nonetheless, similar
qualitative intraoperative assessments of pituitary tumor consistency have been used in
many previous studies [4–11]. Moreover, the relationship between ve and tumor consis-
tency was supported by the significant positive correlation between ve and histological
collagen content.
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5. Conclusions

We performed quantitative pharmacokinetic analysis of pituitary adenomas using
compressed sensing-based high-temporal resolution dynamic contrast-enhanced MRI.
Our results suggest that volume of extravascular extracellular space per unit volume of
tissue derived from quantitative pharmacokinetic analysis provides valuable information
regarding the consistency of pituitary adenomas.

Author Contributions: Conceptualization, K.K. and T.Y.; methodology, K.K. and Y.F.; software, H.I.
and M.D.N.; validation, K.K., M.B. and D.N.; formal analysis, K.K.; investigation, K.K.; resources,
K.K.; data curation, K.K., M.N., D.N., S.F., T.T., K.T. and T.I.; writing—original draft preparation,
K.K.; writing—review and editing, T.Y.; visualization, K.K. and T.T.; supervision, K.K.; project
administration, K.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee of Kagoshima University Hospital
(approval number 180255, from 1 July 2018).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors. The data are not publicly available due to restrictions of the institutional
Ethics Committee statement.

Acknowledgments: The authors wish to thank the staffs of Kagoshima University Hospital for
their support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Osamura, R.Y.; Lopes, M.B.S.; Grossman, A.; Kontogeorgos, G.; Trouillas, J. Tumors of the pituitary gland. In WHO Classification

of Tumors of Endocrine Organs, 4th ed.; Ricardo, V.L., Osamura, R.Y., Gunter, K., Juan, R., Eds.; International Agency for Research
on Cancer: Lyon, France, 2017; pp. 11–64.

2. Boxerman, J.L.; Rogg, J.M.; Donahue, J.E.; Machan, J.T.; Goldman, M.A.; Doberstein, C.E. Preoperative MRI evaluation of pituitary
macroadenoma: Imaging features predictive of successful transsphenoidal surgery. AJR Am. J. Roentgenol. 2010, 195, 720–728.
[CrossRef] [PubMed]

3. Snow, R.B.; Lavyne, M.H.; Lee, B.C.; Morgello, S.; Patterson, R.H., Jr. Craniotomy versus transsphenoidal excision of large
pituitary tumors: The usefulness of magnetic resonance imaging in guiding the operative approach. Neurosurgery 1986, 19, 59–64.
[CrossRef] [PubMed]

4. Alimohamadi, M.; Sanjari, R.; Mortazavi, A.; Shirani, M.; Tabriz, M.H.; Kharazi, H.H.; Amirjamshidi, A. Predictive value of
diffusion-weighted MRI for tumor consistency and resection rate of nonfunctional pituitary macroadenomas. Acta Neurochir.
2014, 156, 2245–2252. [CrossRef] [PubMed]

5. Pierallini, A.; Caramia, F.; Falcone, C.; Tinelli, E.; Paonessa, A.; Ciddio, B.A.; Fiorelli, M.; Bianco, F.; Natalizi, S.; Ferrante, L.; et al.
Pituitary macroadenomas: Preoperative evaluation of consistency with diffusion-weighted MR imaging—Initial experience.
Radiology 2006, 239, 223–231. [CrossRef]

6. Romano, A.; Coppola, V.; Lombardi, M.; Lavorato, L.; Di Stefano, D.; Caroli, E.; Rossi Espagnet, M.C.; Tavanti, F.; Minniti,
G.; Trillò, G.; et al. Predictive role of dynamic contrast enhanced T1-weighted MR sequences in pre-surgical evaluation of
macroadenomas consistency. Pituitary 2017, 20, 201–209. [CrossRef]

7. Yiping, L.; Ji, X.; Daoying, G.; Bo, Y. Prediction of the consistency of pituitary adenoma: A comparative study on diffusion-
weighted imaging and pathological results. J. Neuroradiol. 2016, 43, 186–194. [CrossRef] [PubMed]

8. Ma, Z.; He, W.; Zhao, Y.; Yuan, J.; Zhang, O.; Wu, Y.; Chen, H.; Yao, Z.; Li, S.; Wang, Y. Predictive value of PWI for blood supply
and T1-spin echo MRI for consistency of pituitary adenoma. Neuroradiology 2016, 58, 51–57. [CrossRef]

9. Iuchi, T.; Saeki, N.; Tanaka, M.; Sunami, K.; Yamaura, A. MRI prediction of fibrous pituitary adenomas. Acta Neurochir. 1998, 140,
779–786. [CrossRef] [PubMed]

10. Suzuki, C.; Maeda, M.; Hori, K.; Kozuka, Y.; Sakuma, H.; Taki, W.; Takeda, K. Apparent diffusion coefficient of pituitary
macroadenoma evaluated with line-scan diffusion-weighted imaging. J. Neuroradiol. 2007, 34, 228–235. [CrossRef] [PubMed]

11. Mahmoud, O.M.; Tominaga, A.; Amatya, V.J.; Ohtaki, M.; Sugiyama, K.; Saito, T.; Sakoguchi, T.; Kinoshita, Y.; Shrestha, P.; Abe,
N.; et al. Role of PROPELLER diffusion-weighted imaging and apparent diffusion coefficient in the evaluation of pituitary
adenomas. Eur. J. Radiol. 2011, 80, 412–417. [CrossRef]

http://doi.org/10.2214/AJR.09.4128
http://www.ncbi.nlm.nih.gov/pubmed/20729452
http://doi.org/10.1227/00006123-198607000-00008
http://www.ncbi.nlm.nih.gov/pubmed/3748338
http://doi.org/10.1007/s00701-014-2259-6
http://www.ncbi.nlm.nih.gov/pubmed/25338532
http://doi.org/10.1148/radiol.2383042204
http://doi.org/10.1007/s11102-016-0760-z
http://doi.org/10.1016/j.neurad.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26585529
http://doi.org/10.1007/s00234-015-1591-8
http://doi.org/10.1007/s007010050179
http://www.ncbi.nlm.nih.gov/pubmed/9810444
http://doi.org/10.1016/j.neurad.2007.06.007
http://www.ncbi.nlm.nih.gov/pubmed/17719632
http://doi.org/10.1016/j.ejrad.2010.05.023


Cancers 2021, 13, 3914 16 of 17

12. Choyke, P.L.; Dwyer, A.J.; Knopp, M.V. Functional tumor imaging with dynamic contrast-enhanced magnetic resonance imaging.
J. Magn. Reson. Imaging 2003, 17, 509–520. [CrossRef] [PubMed]

13. Sourbron, S.P.; Buckley, D.L. On the scope and interpretation of the Tofts models for DCE-MRI. Magn. Reson. Med. 2011, 66,
735–745. [CrossRef] [PubMed]

14. Zhang, N.; Zhang, L.; Qiu, B.; Meng, L.; Wang, X.; Hou, B.L. Correlation of volume transfer coefficient Ktrans with histopathologic
grades of gliomas. J. Magn. Reson. Imaging 2012, 36, 355–363. [CrossRef]

15. Lu, S.; Gao, Q.; Yu, J.; Li, Y.; Cao, P.; Shi, H.; Hong, X. Utility of dynamic contrast-enhanced magnetic resonance imaging for
differentiating glioblastoma, primary central nervous system lymphoma and brain metastatic tumor. Eur. J. Radiol. 2016, 85,
1722–1727. [CrossRef] [PubMed]

16. Tofts, P.S.; Brix, G.; Buckley, D.L.; Evelhoch, L.J.; Henderson, E.; Knopp, V.M.; Larsson, B.H.; Lee, Y.T.; Mayr, A.N.; Parker, J.G.;
et al. Estimating kinetic parameters from dynamic contrast-enhanced T(1)-weighted MRI of a diffusable tracer: Standardized
quantities and symbols. J. Magn. Reason. Imaging 1999, 10, 223–232. [CrossRef]

17. Akisik, M.F.; Sandrasegaran, K.; Bu, G.; Lin, C.; Hutchins, G.D.; Chiorean, E.G. Pancreatic cancer: Utility of dynamic contrast-
enhanced MR imaging in assessment of antiangiogenic therapy. Radiology 2010, 256, 441–449. [CrossRef]

18. Ma, W.; Li, N.; Zhao, W.; Ren, J.; Wei, M.; Yang, Y.; Wang, Y.; Fu, X.; Zhang, Z.; Larson, C.A.; et al. Apparent diffusion
coefficient and dynamic contrast-enhanced magnetic resonance imaging in pancreatic cancer: Characteristics and correlation
with histopathologic parameters. J. Comput. Assist. Tomogr. 2016, 40, 709–716. [CrossRef]

19. Anzalone, N.; Castellano, A.; Cadioli, M.; Conte, G.M.; Cuccarini, V.; Bizzi, A.; Grimaldi, M.; Costa, A.; Grillea, G.; Vitali, P.; et al.
Brain gliomas: Multicenter standardized assessment of dynamic contrast-enhanced and dynamic susceptibility contrast MR
images. Radiology 2018, 287, 933–943. [CrossRef]

20. Zhai, J.; Zheng, W.; Zhang, Q.; Wu, J.; Zhang, X. Pharmacokinetic analysis for the differentiation of pituitary microadenoma
subtypes through dynamic contrast-enhanced magnetic resonance imaging. Oncol. Lett. 2019, 17, 4237–4244. [CrossRef]

21. Kamimura, K.; Nakajo, M.; Yoneyama, T.; Bohara, M.; Nakanosono, R.; Fujio, S.; Iwanaga, T.; Nickel, D.M.; Imai, H.; Fukukura, Y.;
et al. Quantitative pharmacokinetic analysis of high-temporal-resolution dynamic contrast-enhanced MRI to differentiate the
normal-appearing pituitary gland from pituitary macroadenoma. Jpn. J. Radiol. 2020, 38, 649–657. [CrossRef] [PubMed]

22. Honda, M.; Kataoka, M.; Onishi, N.; Iima, M.; Ohashi, A.; Kanao, S.; Nickel, D.M.; Toi, M.; Togashi, K. New parameters of
ultrafast dynamic contrast-enhanced breast MRI using compressed sensing. J. Magn. Reason. Imaging 2020, 51, 164–174. [CrossRef]
[PubMed]

23. Arima, H.; Inomoto, C.; Iwasaki, Y.; Otuki, M.; Oki, T.; Inyama, K.; Kanzaki, S.; Sugawara, A.; Sugino, N.; Sugimura, M.; et al.
Diagnosis and treatment of hypothalamic pituitary dysfunction. Nihon Naibunpi Gakkai Zasshi. 2019, 95, 1–60. [CrossRef]

24. Giustina, A.; Chanson, P.; Bronstein, M.D.; Klibanski, A.; Lamberts, S.; Casanueva, F.F.; Trainer, P.; Ghigo, E.; Ho, K.; Melmed, S.
Acromegaly Consensus Group. A consensus on criteria for cure of acromegaly. J. Clin. Endocrinol. Metab. 2010, 95, 3141–3148.
[CrossRef]

25. Koyasu, S.; Iima, M.; Umeoka, S.; Morisawa, N.; Porter, A.D.; Ito, J.; Bihan, L.D.; Togashi, K. The clinical utility of reduced-
distortion readout-segmented echo-planar imaging in the head and neck region: Initial experience. Eur. Radiol. 2014, 24,
3088–3096. [CrossRef]

26. Holdsworth, S.J.; Skare, S.; Newbould, R.D.; Guzmann, R.; Blevins, N.H.; Bammer, R. Readout-segmented EPI for rapid high
resolution diffusion imaging at 3T. Eur. J. Radiol. 2008, 65, 36–46. [CrossRef] [PubMed]

27. Di Chiro, G.; Nelson, K.B. The volume of the sella turcica. Am. J. Roentgenol. Radium Ther. Nucl. Med. 1962, 87, 989–1008.
[PubMed]

28. Knosp, E.; Steiner, E.; Kitz, K.; Matula, C. Pituitary adenomas with invasion of the cavernous sinus space: A magnetic resonance
imaging classification compared with surgical findings. Neurosurgery 1993, 33, 610–618. [CrossRef]

29. Micko, A.S.; Wöhrer, A.; Wolfsberger, S.; Knosp, E. Invasion of the cavernous sinus space in pituitary adenomas: Endoscopic
verification and its correlation with an MRI-based classification. J. Neurosurg. 2015, 122, 803–811. [CrossRef] [PubMed]

30. Shrout, P.E.; Fleiss, J.L. Intraclass correlations: Uses in assessing rater reliability. Psychol. Bull. 1979, 86, 420–428. [CrossRef]
31. DeLong, E.R.; DeLong, D.M.; Clarke-Pearson, D.L. Comparing the areas under two or more correlated receiver operating

characteristic curves: A nonparametric approach. Biometrics 1988, 44, 837–845. [CrossRef]
32. Yamamoto, J.; Kakeda, S.; Shimajiri, S.; Takahashi, M.; Watanabe, K.; Kai, Y.; Moriya, J.; Korogi, Y.; Nishizawa, S. Tumor

consistency of pituitary macroadenomas: Predictive analysis on the basis of imaging features with contrast-enhanced 3D Fiesta at
3T. AJNR Am. J. Neuroradiol. 2014, 35, 297–303. [CrossRef]

33. Naganuma, H.; Satoh, E.; Nukui, H. Technical considerations of transsphenoidal removal of fibrous pituitary adenomas and
evaluation of collagen content and subtype in the adenomas. Neurol. Med. Chir. 2002, 42, 202–212. [CrossRef]

34. Tofrizal, A.; Fujiwara, K.; Yashiro, T.; Yamada, S. Alterations of collagen-producing cells in human pituitary adenomas. Med. Mol.
Morphol. 2016, 49, 224–232. [CrossRef]

35. Tofrizal, A.; Fujiwara, K.; Azuma, M.; Kikuchi, M.; Jindatip, D.; Yashiro, T.; Yamada, S. Tissue inhibitors of metalloproteinase-
expressing cells in human anterior pituitary and pituitary adenoma. Med. Mol. Morphol. 2017, 50, 145–154. [CrossRef]

36. Liu, Y.Q.; Gao, B.B.; Dong, B.; Cheriyath, P.S.S.; Song, W.Q.; Xu, B.; Wei, Q.; Xie, Z.L.; Guo, Y.; Miao, W.Y. Preoperative vascular
heterogeneity and aggressiveness assessment of pituitary macroadenoma based on dynamic contrast-enhanced MRI texture
analysis. Eur. J. Radiol. 2020, 129, 109125. [CrossRef]

http://doi.org/10.1002/jmri.10304
http://www.ncbi.nlm.nih.gov/pubmed/12720260
http://doi.org/10.1002/mrm.22861
http://www.ncbi.nlm.nih.gov/pubmed/21384424
http://doi.org/10.1002/jmri.23675
http://doi.org/10.1016/j.ejrad.2016.07.005
http://www.ncbi.nlm.nih.gov/pubmed/27666608
http://doi.org/10.1002/(SICI)1522-2586(199909)10:3&lt;223::AID-JMRI2&gt;3.0.CO;2-S
http://doi.org/10.1148/radiol.10091733
http://doi.org/10.1097/RCT.0000000000000434
http://doi.org/10.1148/radiol.2017170362
http://doi.org/10.3892/ol.2019.10083
http://doi.org/10.1007/s11604-020-00942-4
http://www.ncbi.nlm.nih.gov/pubmed/32162178
http://doi.org/10.1002/jmri.26838
http://www.ncbi.nlm.nih.gov/pubmed/31215107
http://doi.org/10.1507/endocrine.95.S.May_1
http://doi.org/10.1210/jc.2009-2670
http://doi.org/10.1007/s00330-014-3369-5
http://doi.org/10.1016/j.ejrad.2007.09.016
http://www.ncbi.nlm.nih.gov/pubmed/17980534
http://www.ncbi.nlm.nih.gov/pubmed/13885978
http://doi.org/10.1227/00006123-199310000-00008
http://doi.org/10.3171/2014.12.JNS141083
http://www.ncbi.nlm.nih.gov/pubmed/25658782
http://doi.org/10.1037/0033-2909.86.2.420
http://doi.org/10.2307/2531595
http://doi.org/10.3174/ajnr.A3667
http://doi.org/10.2176/nmc.42.202
http://doi.org/10.1007/s00795-016-0140-9
http://doi.org/10.1007/s00795-017-0155-x
http://doi.org/10.1016/j.ejrad.2020.109125


Cancers 2021, 13, 3914 17 of 17

37. Vreemann, S.; Rodriguez-Ruiz, A.; Nickel, D.; Heacock, L.; Appelman, L.; van Zelst, J.; Karssemeijer, N.; Weiland, E.; Maas, M.;
Moy, L.; et al. Compressed sensing for breast MRI: Resolving the trade-off between spatial and temporal resolution. Investig.
Radiol. 2017, 52, 574–582. [CrossRef]

38. Rutkowski, M.J.; Chang, K.E.; Cardinal, T.; Du, R.; Tafreshi, A.R.; Donoho, D.A.; Brunswick, A.; Micko, A.; Liu, C.J.; Shiroishi,
M.S.; et al. Development and clinical validation of a grading system for pituitary adenoma consistency. J. Neurosurg. 2020, 5, 1–8.
[CrossRef] [PubMed]

39. Zhang, W.; Qian, P.; Zhang, X.; Zhang, M.; Wang, H.; Wu, M.; Kong, X.; Tan, S.; Ding, K.; Perry, J.K.; et al. Autocrine/paracrine
human growth hormone-stimulated micro-RNA 96-182-183 cluster promotes epithelial-mesenchymal transition and invasion in
breast cancer. J. Biol. Chem. 2015, 290, 13812–13829. [CrossRef] [PubMed]

40. Chesnokova, V.; Zonis, S.; Zhou, C.; Recouvreux, M.V.; Ben-Shlomo, A.; Araki, T.; Barrett, R.; Workman, M.; Wawrowsky, K.;
Ljubimov, V.A.; et al. Growth hormone is permissive for neoplastic colon growth. Proc. Natl. Acad. Sci. USA 2016, 113, 3250–3259.
[CrossRef] [PubMed]

41. Subramani, R.; Lopez-Valdez, R.; Salcido, A.; Boopalan, T.; Arumugam, A.; Nandy, S.; Lakshmanaswamy, R. Growth hormone
receptor inhibition decreases the growth and metastasis of pancreatic ductal adenocarcinoma. Exp. Mol. Med. 2014, 46, e117.
[CrossRef] [PubMed]

42. Brittain, A.L.; Basu, R.; Qian, Y.; Kopchick, J.J. Growth Hormone and the Epithelial-to-Mesenchymal Transition. J. Clin. Endocrinol.
Metab. 2017, 102, 3662–3673. [CrossRef]

43. Cavallaro, U.; Christofori, G. Cell adhesion and signalling by cadherins and Ig-CAMs in cancer. Nat. Rev. Cancer 2004, 4, 118–132.
[CrossRef]

44. Yamada, S.; Fukuhara, N.; Horiguchi, K.; Yamaguchi-Okada, M.; Nishioka, H.; Takeshita, A.; Takeuchi, Y.; Ito, J.; Inoshita, N.
Clinicopathological characteristics and therapeutic outcomes in thyrotropin-secreting pituitary adenomas: A single-center study
of 90 cases. J. Neurosurg. 2014, 121, 1462–1473. [CrossRef] [PubMed]

45. Hagiwara, A.; Inoue, Y.; Wakasa, K.; Haba, T.; Tashiro, T.; Miyamoto, T. Comparison of growth hormone-producing and
nongrowth hormone-producing pituitary adenomas: Imaging characteristics and pathologic correlation. Radiology 2003, 228,
533–538. [CrossRef] [PubMed]

46. Dogansen, S.C.; Yalin, G.Y.; Tanrikulu, S.; Tekin, S.; Nizam, N.; Bilgic, B.; Sencer, S.; Yarman, S. Clinicopathological significance of
baseline T2-weighted signal intensity in functional pituitary adenomas. Pituitary 2018, 21, 347–354. [CrossRef]

47. Marques, P.; Barry, S.; Carlsen, E.; Collier, D.; Ronaldson, A.; Awad, S.; Dorward, N.; Grieve, J.; Mendoza, N.; Muquit, S.; et al.
Pituitary tumour fibroblast-derived cytokines influence tumour aggressiveness. Endocr. Relat. Cancer 2019, 26, 853–865. [CrossRef]

48. Heck, A.; Emblem, K.E.; Casar-Borota, O.; Ringstad, G.; Bollerslev, J. MRI T2 characteristics in somatotroph adenomas following
somatostatin analog treatment in acromegaly. Endocrine 2016, 53, 327–330. [CrossRef] [PubMed]

http://doi.org/10.1097/RLI.0000000000000384
http://doi.org/10.3171/2020.4.JNS193288
http://www.ncbi.nlm.nih.gov/pubmed/32503003
http://doi.org/10.1074/jbc.M115.653261
http://www.ncbi.nlm.nih.gov/pubmed/25873390
http://doi.org/10.1073/pnas.1600561113
http://www.ncbi.nlm.nih.gov/pubmed/27226307
http://doi.org/10.1038/emm.2014.61
http://www.ncbi.nlm.nih.gov/pubmed/25301264
http://doi.org/10.1210/jc.2017-01000
http://doi.org/10.1038/nrc1276
http://doi.org/10.3171/2014.7.JNS1471
http://www.ncbi.nlm.nih.gov/pubmed/25237847
http://doi.org/10.1148/radiol.2282020695
http://www.ncbi.nlm.nih.gov/pubmed/12819334
http://doi.org/10.1007/s11102-018-0877-3
http://doi.org/10.1530/ERC-19-0327
http://doi.org/10.1007/s12020-015-0816-2
http://www.ncbi.nlm.nih.gov/pubmed/26615593

	Introduction 
	Materials and Methods 
	Participant Characteristics 
	Endocrine Studies 
	MRI Examinations 
	Measurement of Maximum Tumor Diameter and Volume 
	Parasellar Extension on MRI (Grading System) 
	Pharmacokinetic Analysis of DCE-MRI 
	Intraoperative Findings 
	Histologic Examination 
	Postoperative MRI Examinations 
	Statistical Analyses 

	Results 
	Characteristics of Participants and Adenomas 
	Maximum Diameter and Volume of Pituitary Adenomas 
	Interobserver Agreement 
	Comparisons of Imaging and Histologic Parameters between Nonfunctioning and GH Producing Adenomas 
	Correlation of Imaging and Histologic Parameters, and Levels of GH and IGF-1 in Participants with GH-Producing Adenoma 
	Hypopituitarism and Correlation of Imaging and Histologic Parameters, and Cortisol of Nonfunctioning Adenomas 
	Comparisons of Imaging and Histologic Parameters between the Low and High Grade of Knosp Classification 
	Comparisons of Imaging and Histologic Parameters between Total Resection and Residual Tumor 
	Comparisons of Imaging and Histologic Parameters between Soft and Hard Adenomas of All Adenomas 
	Comparisons of Imaging and Histologic Parameters between Soft and Hard Nonfunctioning Adenomas 
	MRI Parameters Correlated with Percentage of Collagen Content in Pituitary Adenomas 
	Diagnostic Performance 

	Discussion 
	Conclusions 
	References

