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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 pharmaco-
kinetic analysis of dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) is useful for 
predicting consistency of pituitary adenoma in 49 patients. 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 con-
tent 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 pi-
tuitary adenoma. A prospective study was conducted involving 49 participants with pituitary ade-
noma to determine whether quantitative pharmacokinetic analysis of dynamic contrast-enhanced 
magnetic resonance imaging (DCE-MRI) is useful for predicting consistency of adenoma. Pharma-
cokinetic 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 con-
tent (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 = 0.02), and Ktrans (0.775 ± 0.401/min vs. 0.601 ± 0.612/min, p = 0.02) than soft 
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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 ade-
noma. 

Keywords: pituitary adenoma; consistency; magnetic resonance imaging; pharmacokinetic analysis; 
collagen. 
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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 con-
sistency may not be successfully debulked via the transsphenoidal approach [6]. There-
fore, 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 consid-
ered to be relevant to collagen content [5–9]. 

The role of magnetic resonance imaging (MRI) in predicting consistency of pitui-
tary adenoma is controversial. Several studies have suggested that relative signal inten-
sity or signal intensity ratio of T1- or T2-weighted MRI and apparent diffusion coeffi-
cient (ADC) value correlate with tumor consistency, whereas others have concluded that 
they offer no predictive value [2,4–11]. 

Dynamic contrast-enhanced MRI (DCE-MRI) with pharmacokinetic analysis is a 
noninvasive and quantitative tool to assess the function of specific tissues [12]. The ex-
tended Tofts model is a commonly applied model for quantitative pharmacokinetic anal-
ysis [13–15], which generates four pharmacokinetic parameters: 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) [16]. DCE-MRI can be used to 
provide information concerning tumor microvascular distribution, perfusion, and per-
meability [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 at-
tempts 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) se-
quence [21,22]. 

We hypothesized that ve measurement using the CS VIBE sequence would be use-
ful in predicting the consistency of pituitary adenomas by identifying tumors with in-
creased 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 un-

derwent 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 provo-
cation tests. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 7 June 2021                   doi:10.20944/preprints202106.0185.v1

https://doi.org/10.20944/preprints202106.0185.v1


 

2.2. MRI Examinations 
All participants underwent MRI with a 3 T system (MAGNETOM Prisma; Siemens 

Healthcare, Erlangen, Germany), equipped with a 20-channel head/neck coil. Pre-contrast 
imaging of the sellar region included the following sequences (Table 1): coronal pre-con-
trast 2D T1-weighted spin-echo imaging, coronal 2D T2-weighted turbo spin-echo imag-
ing, and coronal diffusion-weighted imaging using readout-segmented echo-planar, 
which reduces susceptibility and T2* blurring artifacts [23,24]. 

For DCE-MRI, coronal T1-weighted imaging was performed using a prototype 3D 
CS VIBE sequence (Table 1). DCE-MRI was performed after intravenous administration 
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. 

Coronal post-contrast 3D T1-weighted spoiled gradient-echo imaging was per-
formed immediately after the DCE-MRI scan. 

 

Table 1. Pituitary 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 
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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. 
 

2.3. Measurement of Maximum Tumor Diameter and Volume 
A radiologist (D.N. with 3 years of radiological experience) manually measured the 

maximum tumor diameter on coronal post-contrast 3D T1-weighted images on a picture 
archiving and communication systems workstation (Synapse; Fujifilm Medical, Tokyo, Ja-
pan). The tumor volume was estimated using the equation developed by Di Chiro and 
Nelson (volume = 0.5 × length × height × width) [25]. 

 

2.4. Pharmacokinetic Analysis of DCE-MRI 
All DCE-MRI images were processed using Vitrea (Canon Medical Systems Corpo-

ration, Otawara, Japan). The arterial input function was automatically detected at the in-
ternal carotid artery. The extended Tofts model was used to calculate tumor pharmacoki-
netic parameters of ve, vp, Ktrans, and kep [16]. 

The pre-contrast T1-weighted MRIs, T2-weighted MRIs, ADC maps, and pharmaco-
kinetic 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 two independent radiologists (K.K. and M.B. with 23 and 5 years of radiological expe-
rience, 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 intention-
ally excluded. An additional round ROI (5 mm diameter) was placed in the normal-
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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. 

 

2.5. Intraoperative Findings 
At surgery, tumor consistency was evaluated by a neurosurgeon (S.F. with 18 years 

of neurosurgery experience), who was blinded to the quantitative MRI findings. The tu-
mors were classified into two groups: tumors with soft (easily removable through suction) 
and hard consistency (removable with difficulty through suction or not removable 
through suction but excisable piece by piece). 

 

2.6. Histologic Examination 
Histopathological assessments were performed by one pathologist (K.T. with 20 

years of experience) who was blinded to the MRI data. Hematoxylin-eosin staining was 
performed routinely. Collagen content was evaluated using Azan staining. Percentage of 
collagen content (PCC) was obtained using the following methods. Azan-stained histo-
pathological slides were scanned using Aperio CS2 (× 20 magnification; Leica Biosystems, 
Vista, CA), and images of five randomly chosen areas within the lesions were taken using 
× 400 magnification. Each area of collagen and the total tumor area were measured, and 
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. Images of Azan-stained 
sections were analyzed using an image processing integration software (WinROOF2015, 
version 3.12.0; Mitani Corp., Tokyo, Japan). Azan-stained fields of 0.5 × 0.5 mm2 were up-
loaded into the image analyzer, and each collagen content contour was automatically 
traced to measure PCC. 

For functioning adenomas, we evaluated immunohistochemistry for diagnosis and 
classification of pituitary tumors according to the 2017 World Health Organization guide-
lines [1]. However, for clinically nonfunctioning adenoma, we did not evaluate immuno-
histochemistry. 

 

2.7. Statistical Analyses 
Statistical analyses were performed using MedCalc version 15.10.0 (MedCalc Soft-

ware, Mariakerke, Belgium). The Mann–Whitney U test and Fisher’s exact test were used 
to compare participant characteristics. Interobserver agreement for MRI parameters was 
evaluated using intraclass correlation coefficients. Intraclass correlation coefficients of > 
0.74 were considered excellent agreement [26]. The values measured by the two observers 
were averaged for each ROI. 

The MRI parameters and PCC of the hard and soft adenomas identified during sur-
gery were compared using the Mann–Whitney U test. Receiver operating characteristic 
curves were generated to calculate the area under the receiver operating characteristic 
curves, sensitivity, specificity, and accuracy. The maximum Youden index was used to 
determine the optimal cut-off points. The DeLong method was used to compare area un-
der the receiver operating characteristic curve values [27]. 

Pearson’s correlation coefficients were used to correlate PCC with the MRI parame-
ters. p values < 0.05 indicated statistical significance. 

 

3. Results 

3.1. Characteristics of Participants and Adenomas 
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From 100 participants with pituitary lesions, the following participants were ex-
cluded: 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 adenomas (nonfunctioning [n = 17] and lactotroph adenoma [n = 8]) without un-
dergoing 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 
participants were treated with the endoscopic endonasal transsphenoidal technique, and 
one participant underwent combined transsphenoidal and transcranial resection. Tumor 
consistency at surgery was classified as soft and hard in 34 (69.4%) and 15 (30.6%) partic-
ipants, respectively. 

Table 2 shows the characteristics of participants and adenomas. A total of 33 partici-
pants were diagnosed as nonfunctioning adenomas, 13 as somatotroph adenomas, 2 as 
thyrotroph adenomas, and 1 as a corticotroph adenoma. There were no significant differ-
ences in participant’s age, gender, or hormonal function between soft and hard adenomas. 

Representative cases are presented in Figures 2 and 3. 
 

 

Figure 1. Study flowchart for the inclusion and exclusion criteria of the participant sample and pituitary lesion character-
ization. 

DCE-MRI: dynamic contrast-enhanced MRI. 

 

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* 

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

Maximum diameter (mm) 24.2 ± 12.2 24.8 ± 14.0 26.1 ± 7.0 0.27* 
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Volume (mm3) 8090 ± 13570 8830 ± 16070 6420 ± 4210 0.18* 

Pituitary lesions     

Nonfunctioning 33 (67.3) 21 (63.6) 12 (36.4) 0.32† 

Functioning 16 (32.7) 13 (81.3) 3 (18.7)  

Somatotroph 13 (26.5) 10 (77.0) 3 (23.0)  

Thyrotroph 2 (4.1) 2 (100) 0 (0)  

Corticotroph 1 (2.1) 1 (100) 0 (0)  

Statistical tests used: *Mann–Whitney U test, †Fisher’s exact test 

 

 

Figure 2. Pituitary adenomas with hard consistency. A contrast-enhanced coronal T1-weighted image of a pituitary ade-
noma 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. ROIs for 
tumor and normal-appearing white matter are indicated by red and yellow lines, respectively. Specimen of tumor at path-
ologic examination shows conspicuous stromal fibrosis (in blue) within small cells (in red) (PCC = 50.9%; I). Bar indicates 
200 μm. 

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC: apparent dif-
fusion 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; ROI: region of interest; 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 adenoma 
extending into the left cavernous sinus (A). The adenoma is slightly hypointense in the white matter on the T1-weighted 
image (rT1 = 0.908; B) and hyperintense on the T2-weighted image (rT2 =1.901; C). The corresponding ADC map shows a 
low ADC value (0.854 × 10-3mm2/s; D). Parametric mapping shows a low ve value (0.105; E), a high vp value (0.145; F), a 
low Ktrans value (0.175/min; G), and a low kep value (1.245/min; H) in the adenoma. ROIs for tumor and normal-appearing 
white matter are indicated by red and yellow lines, respectively. Pathologic examination shows scant fibrous stroma (in 
blue) within small cells (in red) (PCC = 7.4%; I). Bar indicates 200 μm. 

rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC: apparent dif-
fusion 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; ROI: region of interest; 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 ade-

nomas (6%) were smaller than 10 mm in maximum diameter, while the remaining 46 
(94%) were larger than 10 mm. 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 Soft and Hard Adenomas 
Mean values of the MRI parameters and PCC of the histological examination for soft 

and hard adenomas are shown in Table 3. 
Hard adenomas had significantly higher PCC than soft adenomas (44.08 ± 15.14 vs. 

6.62 ± 3.47, p < 0.01). Hard adenomas had significantly higher ve (0.332 ± 0.124 vs. 0.221 ± 
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0.104, p =0 .02) and Ktrans (0.775 ± 0.401/min vs. 0.601 ± 0.612/min, p = 0.02) values than soft 
adenoma, whereas there were no significant differences in rT1 (0.854 ± 0.086 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 3). 

 

Table 3. MRI parameters and histologic percentage of collagen content of pituitary adenomas. 

 Tumor consistency group  

 Soft adenoma (n = 34) Hard adenoma (n = 15) p value 

rT1 0.840 ± 0.077 0.854 ± 0.086 0.40* 

rT2 1.661 ± 0.453 1.580 ± 0.295 0.55* 

ADC (10-3 mm2/s) 0.832 ± 0.263 0.769 ± 0.201 0.47* 

ve 0.221 ± 0.104 0.332 ± 0.124 0.02* 

vp 0.070 ± 0.084 0.040 ± 0.042 0.36* 

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

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

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

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: *Mann–Whitney U test. 
 

3.5. MRI Parameters Correlated with Percentage of Collagen Content in Pituitary Adenomas 
We found a significant positive correlation between ve and PCC in pituitary adeno-

mas (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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Figure 4. Scatterplot shows the relationship between ve and the PCC in 49 pituitary adenomas. The solid and dotted 
lines indicate the linear regression line and 95% confidence intervals. 

ve: volume of extravascular extracellular space per unit volume of tissue; PCC: percentage of collagen content. 

 

3.5. 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 4). 
Among the MRI parameters, ve was the most discriminative quantitative measurement 
for predicting hard adenomas; however, the area under the receiver operating character-
istic curve for ve did not significantly differ from other parameters. Table 4 shows sensi-
tivity, 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 accu-
racy (81.6%) among all MRI parameters. 

 

 

Figure 5. Receiver operating characteristic curve of each parameter for differentiating hard adenomas from soft adeno-
mas (34 soft adenomas and 15 hard adenomas). 
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rT1: ratio of signal intensity on T1-weighted MRI; rT2: ratio of signal intensity on T2-weighted MRI; ADC: apparent dif-
fusion 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 4. Diagnostic performance of MRI parameters in detecting hard adenomas. 

 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 0.277 (/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. 
 

4. Discussion 
The present study suggests that preoperative mapping of volume of extravascular 

extracellular space per unit volume of tissue derived from pharmacokinetic dynamic con-
trast-enhanced MRI is a useful imaging method for predicting the consistency of pituitary 
adenomas. Tumor consistency can critically affect surgical resectability of pituitary ade-
nomas 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 [28], 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 ade-
noma. To the best of our knowledge, this is the first study to reveal the utility of 
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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 con-
tent [5,8,9,28]. 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 ob-
tained 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 [29] 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 in-
corporated 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) [30]. This type of imaging tech-
nique 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 pre-
dicting 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 pitui-
tary 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 con-
sistency 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 con-
sistency and higher collagen content [7]. We did not find significant correlations between 
rT1, rT2, and ADC maps with tumor consistency or collagen content. 

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 is the subjective classification of tumor 
consistency. Assessments were carried out by a single operating surgeon, so possible ob-
server bias cannot be excluded. However, the relationship between ve and tumor con-
sistency was supported by the significant positive correlation between ve and histological 
collagen content. 

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 provide information about the 
consistency of pituitary adenomas. 
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