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Abstract: This study aimed to develop and evaluate a new DCE-MRI processing technique that
combines LEGATOS, a dual-temporal resolution DCE-MRI technique, with multi-kinetic models.
This technique enables high spatial resolution interrogation of flow and permeability effects, which is
currently challenging to achieve. Twelve patients with neurofibromatosis type II-related vestibular
schwannoma (20 tumours) undergoing bevacizumab therapy were imaged at 1.5 T both before and at
90 days following treatment. Using the new technique, whole-brain, high spatial resolution images of
the contrast transfer coefficient (Ktrans), vascular fraction (vp), extravascular extracellular fraction
(ve), capillary plasma flow (Fp), and the capillary permeability-surface area product (PS) could be
obtained, and their predictive value was examined. Of the five microvascular parameters derived
using the new method, baseline PS exhibited the strongest correlation with the baseline tumour
volume (p = 0.03). Baseline ve showed the strongest correlation with the change in tumour volume,
particularly the percentage tumour volume change at 90 days after treatment (p < 0.001), and PS
demonstrated a larger reduction at 90 days after treatment (p = 0.0001) when compared to Ktrans or Fp

alone. Both the capillary permeability-surface area product (PS) and the extravascular extracellular
fraction (ve) significantly differentiated the ‘responder’ and ‘non-responder’ tumour groups at 90
days (p < 0.05 and p < 0.001, respectively). These results highlight that this novel DCE-MRI analysis
approach can be used to evaluate tumour microvascular changes during treatment and the need for
future larger clinical studies investigating its role in predicting antiangiogenic therapy response.
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1. Introduction

Dynamic contrast-enhanced MRI (DCE-MRI) is a medical imaging technique that can
be used to assess tissue perfusion and permeability. It requires an injection of a gadolinium-
based-contrast agent (GBCA) into the blood, whilst acquiring a series of dynamic MRI
images as the contrast agent passes through the tissue of interest. By analysing the dynamic
changes in GBCA concentration in the tissue, pharmacokinetic modelling can then be used
to derive various parameters such as the volume of distribution, the rate of blood flow, and
the permeability of the tissue, in turn, providing valuable information on drug delivery and
efficacy. This technique is particularly useful for evaluating the effectiveness of anti-cancer
therapies, as it can provide insight into how efficiently a drug is penetrating the tumour
microenvironment and whether the tumour is responding to treatment [1–8].

Traditionally, a key limitation in DCE-MRI was achieving both simultaneous high
spatial (HS) and high temporal (HT) resolution during data acquisition. High temporal
resolution, especially during the arterial phase of the GBCA time-course, is critical if accu-
rate quantification of kinetic parameters such as the fractional plasma volume (vp), transfer
constant (Ktrans), and the fractional volume of extravascular extracellular space (ve) is to be
achieved [9–14]. Usage of DCE-MRI as a clinical tool, however, also requires high spatial
resolution and whole-brain coverage, especially when lesions are small, heterogenous, or
widespread throughout the brain. A DCE-MRI technique that can provide both high spa-
tiotemporal resolution and whole-brain coverage for quantitative microvascular analysis is
therefore highly desirable [15–17], and in earlier works, it was demonstrated that a novel
dual-temporal resolution (DTR) DCE-MRI-based data construction technique termed the
LEGATOS (level and rescale the gadolinium contrast concentration curves of high temporal
to high spatial) method could be used to provide this [18,19].

Previous studies employing DTR DCE-MRI and the LEGATOS technique have used
the extended Tofts model (ETM) [18,19] to derive tissue-validated high spatial resolution
estimates of Ktrans, vp, and ve [20,21]. A key limitation of the ETM, however, is that the
derived parameter Ktrans is a hybrid parameter reflecting both capillary plasma flow (Fp)
and the capillary permeability-surface area product (PS) [22]. The ETM is also unable to
accurately measure low-level permeability within normal-appearing brain tissue, which
is of increasing importance in neuro-oncology and may help predict both prognosis and
treatment response [23–25].

Recent studies have demonstrated that in addition to kinetic parameter estimation, ab-
solute cerebral blood flow (CBF) estimates can also be derived from T1-weighted DCE-MRI
through the use of the microsphere model and the maximum gradient approach [26,27].
In this technical proof of concept study, we demonstrate that incorporating ETM and the
established ‘early time points’ method for absolute cerebral blood flow (ET-CBF) quantifica-
tion [26] with the LEGATOS technique allows simultaneous evaluation of both tissue blood
flow and permeability-based microvascular metrics [28]. In addition, we demonstrate that
the integration of LEGATOS with the ETM and a previously described established hybrid
first-pass Patlak plot (FP-PP) model [24] allows not only for high spatial resolution assess-
ment of permeability effects within tumours but also high spatial resolution interrogation
of low-level permeability effects within normal-appearing brain regions.

As a disease model to evaluate the presented multi-kinetic model technique, we
retrospectively analysed previously acquired dual-injection DTR DCE-MRI data from a
cohort of patients with neurofibromatosis type 2 (NF2) related vestibular schwannoma
(VS) undergoing antiangiogenic (bevacizumab) therapy [4]. NF2 is a dominantly inher-
ited tumour predisposition syndrome, the hallmark of which is the development of VS
arising from the vestibulocochlear nerve bilaterally [29–31]. The management of these
sometimes rapidly progressive VS can present a significant treatment challenge [32,33],
and affected patients often develop, alongside bilateral VS, other tumours such as multiple
meningiomas [34]. Trials of the anti-vascular endothelial growth factor (VEGF) antibody
bevacizumab (Avastin©) in NF2 patients have demonstrated a reduction of VS growth
rate [35] and regression in some cases [36], but there is variation in treatment results, with
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reported tumour response rates of 40–60% [35–37]. Previous studies have demonstrated
that microvascular parameters derived from DCE-MRI and the ETM have possible treat-
ment predictive value [4,35], and within this study, we sought to evaluate the applicability
of the presented multi-model DCE-MRI analysis approach to this disease model. In par-
ticular, we sought to evaluate if this novel multi-model high spatial DCE-MRI analysis
technique could be used to differentiate treatment-related changes in microvascular flow
and permeability within the tumour microenvironment and identify parameters that may
allow for better treatment response prediction in future clinical trials.

1.1. Multi-Model LEGATOS Analysis Theory
1.1.1. Construction of a 4D High Spatiotemporal Resolution GBCA Concentration-Volume
Using the LEGATOS Method

The use of DTR DCE-MRI and the LEGATOS method for deriving whole-brain, high
spatial resolution microvascular parameters have been previously described [20,21]. Low-
dose high temporal resolution (LDHT) data is initially acquired during the early (arterial)
phase of the contrast agent bolus arrival when rapid changes in signal intensity are expected.
A second full-dose high spatial resolution (FDHS) dataset is then acquired during the later
phases of the bolus arrival when the signal changes are slower and steadier. By combining
these two sets of data, the LEGATOS method can improve the accuracy of quantitative
analysis of tissue perfusion dynamics, permitting high spatial resolution assessment of
tissue microvascular parameters.

The LEGATOS method consists of two key steps. In the first step, a concatenated
DTR 4D GBCA concentration volume is constructed containing a high temporal resolution
‘arterial’ phase followed by a later low temporal, high spatial resolution ‘parenchymal’
phase. The 4D LDHT DCE images are first co-registered to a baseline image frame of the
FDHS DCE series to obtain a 4D LDHTaligned volume. The signal intensity-time curves
from this 4D LDHTaligned and the 4D HS dynamic image volumes are then converted to
GBCA concentration-time curves, before combining the HT and HS resolution series to
construct a 4D GBCA concentration volume. In the second step, the LDHTaligned arterial
phase of each voxel concentration curve is re-scaled using a derived voxel-wise calibration
ratio (ratiocalib) to increase the spatial resolution of the derived kinetic parameter maps.
Further details on the LEGATOS reconstruction method and derivation of the calibration
ratio are provided in prior publications [20,21].

1.1.2. Use of LEGATOS with the ETM and ET-CBF Model to Derive High Spatial
Resolution Ktrans, vp, ve, and Fp Maps

The most widely used pharmacokinetic model in brain DCE-MRI is the ETM [18,19],
which can be defined as follows:

Ct(t) = vpCp(t) + Ktrans
t∫

0

Cp(τ) exp(−Ktrans

ve
(t− τ))dτ, (1)

where Ct is the tissue contrast agent concentration and Cp is the GBCA concentration in
the vascular plasma space. In the convolution integral, t is considered a constant and τ is
the variable. Through use of the LEGATOS technique in combination with the ETM high
spatial resolution, estimates of Ktrans, vp, and ve could be provided.

ET-CBF is a methodology for absolute CBF estimation, which uses data derived from
a LDHT T1W DCE-MRI acquisition, and is based on the microsphere model and ET (early
time points before the contrast agent has left the tissue) strategy [26]. The microsphere
model can be written mathematically as follows:

Ct(t) = f ·
∫ t

0
Cb(t′)dt′ with t ∈ ETW, (2)
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where the tissue GBCA concentration, Ct(t), is equal to the amount of GBCA delivered
to 1 mL of tissue by time t; f is the absolute CBF (mL min−1 mL−1); and Cb(t’) is the
arterial blood concentration at time t′. ETW is the early time window, i.e., the time window
that meets the microsphere prerequisite. Using the microsphere model and Equation
(2), low spatial resolution early time points absolute cerebral blood flow (CBFET) maps
can be derived from the arterial concentration-time curve of a low dose high temporal
DCE-MRI acquisition.

High spatial resolution CBFET (CBFET-HS) maps can also be derived from DTR DCE-
MRI data through the use of the microsphere model with LEGATOS. CBFET-HS maps can
be obtained either directly from the concatenated 4D high spatiotemporal resolution GBCA
concentration volume generated using the LEGATOS approach described above or by using
the calibration ratio maps generated as part of the LEGATOS procedure to rescale (see
Equation (3)) the low spatial resolution CBFET (CBFET-HT) derived from a 4D LDHTaligned
volume (see Appendix A for details):

CBFET−HS = CBFET−HT · ratiocalib. (3)

1.1.3. Theoretical Derivation of the Capillary Permeability-Surface Area Product (PS) from
Derived Ktrans and CBFET Values

Estimation of PS is based on the following relationship [38]:

Ktrans = Fp · PS/(Fp + PS), (4)

where Fp is plasma flow. Fp relates to blood flow by the following:

Fp = CBFET · (1−Hct), (5)

where Hct is the blood haematocrit and CBFET is the absolute cerebral blood flow estimated
using the early time points method.

From Equation (4), we have the following:

PS = Ktrans/(1−Ktrans/Fp). (6)

Therefore, PS can be calculated from the known Ktrans and Fp using Equation (6).
Using Equation (4), Ktrans is dominated by the smallest of PS and Fp [38].

Ktrans/PS = Fp/(Fp + PS) = RFp. (7)

Ktrans/PS is the ratio of plasma flow to the sum of Fp and PS or RFp, ranging from 0
to 1:

when Fp >> PS, RFp ≈ 1;
when Fp = PS, RFp = 0.5;
when Fp << PS, RFp becomes a small positive value (≈ Fp/PS).
The RFp maps can be useful in identifying areas of high perfusion but inadequate

permeability (High RFp) and high permeability but inadequate perfusion (Low RFp), re-
spectively, thereby providing insight into tumour vascular heterogeneity [39]. High spatial
resolution PS maps can also be obtained from estimates of Ktrans and Fp derived using the
LEGATOSETM and CBFET-HS techniques described above, respectively.
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1.1.4. Use of LEGATOS-Patlak for Measuring Ktrans within Normal-Appearing Brain
Regions

The Patlak model describes a highly perfused two-compartment tissue assuming
unidirectional transport from the plasma into the extravascular extracellular space [6,40–44].
The GBCA concentration in tissue (Ct) is given by the following:

Ct(t) = vpCp(t) + Ktrans
t∫

0

Cp(τ)dτ. (8)

Dividing both sides of Equation (8) with Cp(t), one obtains the Patlak plot (Equation (9))
where the slope represents Ktrans and the intercept represents vp. The abscissa has the
units of time, but this is not laboratory time; it is concentration-stretched time and will be
referred to hereafter as tstretch [41].

Ct(t)
Cp(t)

= vp + Ktrans

∫ t
0 Cp(τ)dτ

Cp(t)
. (9)

One issue in the conventional Patlak plot method is that experimental errors are
distorted when a non-linear model is transformed to a linear one [45]. This can introduce
non-uniform (distorted) noise into the fitting procedure and reduce the reliability of the
estimates of Ktrans and vp. A previous study proposed a “hybrid FP-PP” method that
combines a first-pass analytical approach [46,47] with the Patlak plot to address these
limitations [24]. Both computer simulation and in vivo studies demonstrated improved
reliability in vp and Ktrans estimates with the hybrid method [24], and further details on
this hybrid FP-PP method can be found in the included reference [24].

The “hybrid FP-PP” model, however, requires high temporal resolution DCE-MRI data
at the expense of limited spatial resolution and/or volume coverage. High spatial resolution
assessment of low-level permeability in normal-appearing brain regions can be achieved
by fitting the LEGATOS-generated 4D high spatiotemporal resolution GBCA concentration
volumes with the hybrid FP-PP model. vp estimates obtained from LEGATOS-ETM (instead
of from the FP analysis) can also be used as the known vp in the modified Patlak plot linear
regression analysis [24] to produce the only free-fitting parameter, Ktrans.

A flowchart in Figure 1 illustrates the key steps in the multi-model LEGATOS inte-
grated pharmacokinetic analysis for the derivation of high spatial resolution microvascular
biomarkers within both tumour and normal-appearing brain regions (see Appendix B
for a list of abbreviations used in the dual-injection dual-temporal resolution DCE-MRI
pharmacokinetic analysis).

2. Results
2.1. High Spatial Multi-Model Assessment of Perfusion and Permeability Parameters within Both
Tumour and Normal-Appearing Brain

Representative pre-treatment early time points absolute CBFET maps for a patient with
NF2-related VS and meningioma are shown in Figure 2 and demonstrate how high spatial
resolution absolute CBFET-HS maps can be achieved using the early time points model with
LEGATOS. Figure 2A shows representative pre-treatment images from an NF2 patient with
a small convexity meningioma (white arrow). This meningioma was not clearly defined
within the native ET-CBF map (left) due to the low spatial resolution and partial volume
effects, but it is much better demonstrated within the reconstructed HS-CBF map and the
LEGATOS-ETM derived high spatial resolution vp map (right column).
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Figure 1. Flowchart showing the key steps in the multi-model LEGATOS integrated kinetic analysis.
Blue highlights the key steps of the dual-injection, dual-temporal resolution DCE-MRI acquisition;
red highlights the key steps of the LEGATOS data reconstruction to generate a high spatiotem-
poral resolution GBCA concentration volume; lilac highlights the key kinetic models used; and
black highlights the derived microvascular parameters. ET-CBF = ‘early time points’ method for
absolute cerebral blood flow quantification; HS = high spatial resolution; FDHS = full-dose high
spatial resolution DCE-MRI data; Ktrans = volume transfer constant between blood plasma and
extravascular extracellular space; LDHTaligned = low-dose high temporal resolution DCE-MRI data
co-registered to the FDHS DCE series; Fp = plasma flow, where Fp = CBFET·(1 − Hct); FP-PP = the
hybrid first-pass Patlak plot model; GBCA= gadolinium-based contrast agent; LEGATOS = level
and rescale the gadolinium contrast concentration curves of high temporal to high spatial DCE-MRI;
PS = permeability-surface area product; ve = volume of the extravascular extracellular space per unit
volume of tissue; vp = fractional blood plasma volume.

Figure 2B shows representative images from a patient with bilateral NF2-related VS.
The CBFET-HS map offered superior visualization of intratumoural heterogeneity within the
left-sided VS compared to the CBFET-HT map and closely resembled the LEGATOS-ETM de-
rived high spatial resolution tumour vp map as expected. Compared to the unreconstructed,
low spatial resolution CBFET images, the CBFET-HS maps offered superior visualization
of both the smaller right-sided VS and intratumoural heterogeneity in blood flow. The
CBFET-HS maps spatially corresponded with the pattern of vascularisation seen in the
LEGATOS-ETM-derived high spatial resolution vp maps.

Representative high spatial resolution Ktrans maps provided by the LEGATOS method,
using either the FP-PP approach or ETM are shown in Figure 3A. Both maps showed
comparably high Ktrans values within the pre-treatment meningioma, with median tumour
Ktrans values of 0.025 and 0.017 min−1 for ETM and FP-PP models, respectively. The Patlak
analysis underestimated Ktrans of the meningioma because the backflux of GBCA from the
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extravascular extracellular space to the plasma was too large to ignore in the tumour tissue.
Compared to the LEGATOSETM method, however, integration of the hybrid FP-PP model
with LEGATOS (LEGATOSFP-PP) permitted high spatial resolution assessment of low-level
Ktrans in the normal-appearing brain.
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Figure 2. Use of the LEGATOS technique with the ‘early time points’ absolute cerebral blood flow (ET-
CBF) method to generate high spatial resolution CBFET estimates. (A) Representative pre-treatment
images from an NF2 patient with multiple meningiomas including a right parasagittal convexity
meningioma (white arrow). (B) Representative images from a patient with bilateral NF2-related VS.
Note the imaging artifact from the left-sided bone-anchored hearing aid within the post-contrast
T1-weighted image. The low spatial resolution CBFET map (CBFET-HT) derived from the low dose
high temporal resolution DCE data is rescaled by the LEGATOS calibration ratio map to generate the
high spatial resolution CBFEHS map. T1W + C = T1-weighted image post-contrast.

Descriptive Ktrans statistics obtained from NAGM/NAWM in the 12 patients are shown
in Table 1. Segmented NAGM displayed non-significantly higher mean (p = 0.30) and signif-
icantly higher median (p = 0.03) and max (p = 0.002) Ktrans values compared to segmented
NAWM (paired t-test). Pearson correlation analysis (Figure 3B) shows that in this NF2 pa-
tient cohort, significant positive correlations between tumour volume and NAGM/NAWM
Ktrans values were observed. Mean Ktrans measured from both the NAGM or NAWM
segments showed a significant correlation with both average VS volume size (p ≤ 0.02) and
total VS volume (p ≤ 0.01). Kendall rank correlation test also shows significant positive
monotonic correlations of NAGM Ktrans values with both average and total VS volume size
(p = 0.04 and p = 0.05, respectively).
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Figure 3. (A) Representative post-contrast T1W image and high spatial resolution Ktrans maps in an
NF2 patient with multiple meningioma. Data were fitted using either the hybrid FP-PP approach
(LEGATOSFP-PP, middle) or ETM (LEGATOSETM, right). Note the comparatively high Ktrans val-
ues seen within the right-frontal and left-parasagittal meningioma on both maps. Compared to
LEGATOSETM the LEGTOSFP-PP permits high spatial resolution assessment of low-level vascular per-
meability within the normal-appearing brain. (B) Correlation between mean NAGM/NAWM Ktrans

and VS volume. Top row: correlation between average VS volume and mean NAGM (left)/NAWM
(right) Ktrans values; bottom row: correlation between cumulative VS volume and mean NAGM
(left)/NAWM (right) Ktrans values. NAGM = normal-appearing grey matter; NAWM = normal-
appearing white matter. T1W + C = T1-weighted image post-contrast.
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Table 1. Ktrans statistics estimated from segmented normal-appearing grey matter (NAGM) and
white matter (NAWM) in twelve patients with NF2.

Ktrans Statistics of
NAGM/NAWM Segments

NAGM Segment Statistics
Mean ± SD

NAWM Segment Statistics
Mean ± SD

p Value
Paired t-Test

Mean (min−1) 0.00089 ± 0.0011 0.00062 ± 0.00030 0.30

Median (min−1) 0.00047 ± 0.00037 0.00028 ± 0.00034 0.03

SD (min−1) 0.0030 ± 0.0026 0.0012 ± 0.00021 0.04

Max (min−1) 0.050 ± 0.034 0.014 ± 0.0058 0.002

Min (min−1) −0.023 ± 0.0074 −0.015 ± 0.0040 0.002

Significant p values are shown in bold type.

2.2. High Spatial Evaluation of Changes in Tumour Microvascular Parameters during
Antiangiogenic Therapy

Representative pre- and post-bevacizumab high spatial resolution microvascular pa-
rameter maps (Ktrans, PS, Fp, and RFp) are shown in Figure 4A for an NF2 patient with a
large VS. Pre-treatment, there was intratumoural heterogeneity in the derived perfusion
and permeability metrics with distinct tumour regions showing either high Fp or high Ktrans

and PS, respectively. Such heterogeneity was also evident in derived RFp maps (ratio of
plasma flow to the sum of Fp and PS, Fp/(Fp + PS)), with regions showing high RFp (perme-
ability limited) and low RFp (perfusion limited), respectively. At 90 days post-bevacizumab
therapy, reductions in VS volume are also seen along with substantial reductions in both
Ktrans and PS. There is also an observed corresponding increase in RFp, with an increase in
the tumour subregion displaying high perfusion but inadequate permeability.

In Figure 4B, the histogram distributions before and after 90 days of treatment, cal-
culated for the same tumour, are shown. After 90 days of bevacizumab treatment, Ktrans

and PS histograms showed a shift towards lower values, with a median decrease of 21%
in Ktrans and a 33% decrease in PS. RFp histograms conversely showed a shift towards
higher values, with a median increase of 10%. The overall tumour volume was reduced
by 28%, and tumour volume loss was principally seen in voxels with Fp in the range of
0.2–0.8 min−1 (see arrowed red lines on Fp histogram), with 2638 out of 3005 and 1588 out of
2163 tumour voxels being in this range at day 0 and day 90 post-treatment, respectively.

Post-treatment changes in each high spatial resolution microvascular parameter across
the twelve imaged patients are shown in Table 2. Responding tumours displayed significant
post-treatment reductions in Ktrans (p ≤ 0.001) and PS (p = 0.0002) and significant increases
in RFp (p = 0.004). Post-treatment decreases in Fp (p = 0.08), vp (p = 0.07), and ve (p = 0.56)
were also seen but these did not reach statistical significance. Non-responding VS also
displayed a significant increase in RFp at day 90 (p = 0.04). Decreases in mean Ktrans and PS
were not significant (p > 0.05); however, in contrast to responding tumours, non-responding
VS displayed significant increases in ve (p = 0.01).

2.3. Differences between Responding and Non-Responding Tumours in Baseline (Pre-Treatment)
High Spatial Resolution Microvascular Parameters

Differences in pre-treatment high spatial microvascular parameters between respond-
ing and non-responding VS are shown in Figure 5. Responding tumours showed signifi-
cantly higher pre-treatment PS (p = 0.045) and ve (p < 0.001) values. Responding tumours
also displayed higher Ktrans than non-responding VS but these differences (p = 0.07) did not
reach statistical significance. Of the five parameters, baseline ve correlated most strongly
with percentage volume change at day 90 (p < 0.001).



Pharmaceuticals 2023, 16, 1282 10 of 22
Pharmaceuticals 2023, 16, x FOR PEER REVIEW 10 of 22 
 

 

 

 

Figure 4. (A) High spatial resolution tumour Ktrans, PS, Fp, and RFp (= Fp/(Fp + PS)) maps imaged at 

day 0 (baseline) and day 90 in an NF2 patient with left-sided VS. (B) Histograms of tumour voxel 

values for Ktrans, Fp, vp, PS, RFp, and ve at baseline (the solid line) and 90 days post-bevacizumab 

treatment (dashed line), calculated in the same tumour as in panel A. Tumour volume size was 6.01 

cm3 (3005 voxels) at day 0 and 4.33 cm3 (2163 voxels) at day 90. The overall tumour volume was 

reduced by 28%, and tumour volume loss was principally seen in voxels with Fp in the range of 0.2 

to 0.8 min−1 (red arrow lines) and vp in the range of 0.02 to 0.10 in the histogram. Tumour mean ± SD 

(median) for each of the 6 parameters measured at day 0 and day 90 are shown in the panel 

Figure 4. (A) High spatial resolution tumour Ktrans, PS, Fp, and RFp (= Fp/(Fp + PS)) maps imaged at
day 0 (baseline) and day 90 in an NF2 patient with left-sided VS. (B) Histograms of tumour voxel
values for Ktrans, Fp, vp, PS, RFp, and ve at baseline (the solid line) and 90 days post-bevacizumab
treatment (dashed line), calculated in the same tumour as in panel A. Tumour volume size was
6.01 cm3 (3005 voxels) at day 0 and 4.33 cm3 (2163 voxels) at day 90. The overall tumour volume
was reduced by 28%, and tumour volume loss was principally seen in voxels with Fp in the range
of 0.2 to 0.8 min−1 (red arrow lines) and vp in the range of 0.02 to 0.10 in the histogram. Tumour
mean ± SD (median) for each of the 6 parameters measured at day 0 and day 90 are shown in the
panel corresponding to that parameter, respectively. T1W + C = T1-weighted image post-contrast.
The x-axis of each histogram represents the range of parameter values divided into bins, and the
y-axis represents frequency (how many voxels fall within each bin).
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Table 2. Mean and standard deviation of the tumour median Ktrans, Fp, PS, RFp, vp, and ve estimated
at day 0 and day 90 from 20 VSs in 12 NF2 patients.

Microvascular Parameter Day 0
Mean ± SD (Median)

Day 90
Mean ± SD (Median)

p Value
Paired t-Test

Ktrans (min−1)

Res (N = 12) 0.121 ± 0.023 (0.121) 0.083 ± 0.031 (0.082) 0.001

Non (N = 8) 0.095 ± 0.037 (0.100) 0.086 ± 0.025 (0.096) 0.18

All (N = 20) 0.111 ± 0.059 (0.123) 0.085 ± 0.028 (0.093) 0.0008

PS (mL min−1 mL−1)

Res (N = 12) 0.169 ± 0.039 (0.174) 0.109 ± 0.043 (0.106) 0.0002

Non (N = 8) 0.125 ± 0.053 (0.128) 0.107 ± 0.032 (0.118) 0.10

All (N = 20) 0.151 ± 0.087 (0.162) 0.108 ± 0.038 (0.117) 0.0001

Fp (mL min−1 mL−1)

Res (N = 12) 0.514 ± 0.114 (0.496) 0.414 ± 0.103 (0.423) 0.08

Non (N = 8) 0.485 ± 0.175 (0.470) 0.541 ± 0.139 (0.579) 0.36

All (N = 20) 0.502 ± 0.270 (0.477) 0.465 ± 0.132 (0.452) 0.37

RFp (%)

Res (N = 12) 0.752 ± 0.065 (0.744) 0.792 ± 0.048 (0.788) 0.004

Non (N = 8) 0.784 ± 0.063 (0.790) 0.826 ± 0.045 (0.820) 0.04

All (N = 20) 0.765 ± 0.114 (0.761) 0.806 ±0.049 (0.799) 0.0003

vp (%)

Res (N = 12) 0.047 ± 0.012 (0.043) 0.038 ± 0.009 (0.040) 0.07

Non (N = 8) 0.045 ± 0.019 (0.040) 0.045 ± 0.010 (0.047) 0.94

All (N = 20) 0.046 ± 0.025 (0.042) 0.040 ± 0.010 (0.041) 0.13

ve (%)

Res (N = 12) 0.519 ± 0.047 (0.523) 0.498 ± 0.103 (0.457) 0.56

Non (N = 8) 0.431 ± 0.042 (0.423) 0.511 ± 0.063 (0.500) 0.01

All (N = 20) 0.484 ± 0.259 (0.500) 0.504 ± 0.196 (0.488) 0.43

Abbreviations: Res = responders, Non = non-responders. Significant p values are shown in bold type.

Table 3 shows associations between the estimated pre-treatment tumour median
Ktrans, Fp, PS, vp, and ve and tumour volumetric parameters (the baseline tumour volume,
tumour volume change, or percentage tumour volume change at day 90) assessed by linear
regression analysis. Both PS and Ktrans (a hybrid flow-permeability parameter) showed a
significant correlation with baseline tumour volume (p = 0.03 and p = 0.05, respectively)
and a non-significant trend of correlation with tumour volume change at day 90 (p = 0.06
and p = 0.12, respectively). On the other hand, ve, an oedema-associated parameter [48],
showed a significant correlation with tumour volume change and percentage tumour
volume change at day 90 (p = 0.04 and p = 0.0002, respectively) and a non-significant trend
of correlation with baseline tumour volume (p = 0.08). Fp and vp did not show correlations
with any of the three tumour volumetric parameters.
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Figure 5. Predictive value of pre-treatment tumour median values of microvascular parameters.
(A–E) Comparison of the pre-treatment (day 0) microvascular parameters (Ktrans, PS, Fp, vp, and ve)
between the responder (res) and non-responder (non) VS groups. Boxplots show mean (dot on the
box plot), median (bar within the box), upper and lower quartiles (box limits), and extreme values
(whiskers). The p values are calculated using a two-sided Student t-test. (F) Correlation between
pre-treatment tumour median ve and percentage change in tumour volume at day 90; volumed0 =
baseline tumour volume; volumed90 = tumour volume at day 90.

Univariate logistic regression analysis revealed that, of the five microvascular pa-
rameters derived using the new method, ve estimates (AUC = 0.896, p = 0.02, Table 4)
showed the greatest ability in the prediction of 90-day response in NF2-related vestibular
schwannoma. vp was the only variable with a p value greater than 0.50. In multivariate
analysis, the backward selection procedure starts with the five potential predictors and
eliminates the least significant variable at each step. The model with three variables (ve,
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PS, and Fp) demonstrated a higher AUC, sensitivity, and specificity than the models with
fewer variables.

Table 3. Correlations between tumour median Ktrans, Fp, PS, vp, and ve estimated at day 0 and
tumour volumetric parameters.

Linear Regression Analysis
(N = 20)

Tumour Volume
(cm3; Day 0)

Tumour Volume Change
(cm3; Day 90)

Percentage Tumour Volume Change
(%; Day 90)

Ktrans (min−1)
R2 = 0.19
p = 0.05

R2 = 0.13
p = 0.12

R2 = 0.08
p = 0.23

PS (mL min−1 mL−1)
R2 = 0.24
p = 0.03

R2 = 0.18
p = 0.06

R2 = 0.10
p = 0.18

Fp (mL min−1 mL−1) R2 = 0.01
p = 0.71

R2 = 0.01
p = 0.67

R2 = 0.01
p = 0.66

vp (%) R2 = 0.02
p = 0.55

R2 = 0.03
p = 0.48

R2 = 0.00
p = 0.90

ve (%) R2 = 0.16
p = 0.08

R2 = 0.21
p = 0.04

R2 = 0.56
p < 0.001

Bold type indicates statistically significant p ≤ 0.05.

Table 4. Area under the receiver operator curve, sensitivity, and specificity of the binomial regression
model for the prediction of tumour response using univariate (A) and multivariate analysis (B).

Prediction of Response AUC-ROC
(p Value) Sensitivity Specificity Overall

Classification

A. Univariate analysis

ve (%) 0.896
(0.024) 0.830 0.875 0.850

PS (mL min−1 mL−1)
0.708
(0.10) 0.920 0.500 0.750

Ktrans (min−1)
0.688
(0.11) 0.92 0.375 0.700

Fp (mL min−1 mL−1)
0.667
(0.50) 1.00 0.125 0.650

vp (%) 0.615
(0.61) - - -

B. Multivariate analysis with backward selection

Step 1
ve + PS + Ktrans + Fp + vp

0.948
(0.031; 0.92; 0.93; 0.69; 0.83) 0.830 0.875 0.850

Step 2
ve + PS + Fp + vp

0.948
(0.030; 0.31; 0.70; 0.78) 0.830 0.875 0.850

Step 3
ve + PS + Fp

0.948
(0.032; 0.35; 0.70) 0.830 0.875 0.850

Step 4
ve + PS

0.938
(0.036; 0.37) 0.830 0.750 0.800

Step 5
ve

0.896
(0.024) 0.830 0.875 0.850

3. Discussion

We have described a novel processing technique for DTR DCE-MRI, which, using the
LEGATOS method with multi-model kinetic analysis, allows for the derivation of accurate,
high spatial resolution, whole-brain coverage kinetic parameter maps. In contrast to the
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use of the extended Tofts model alone, this new approach allows for the separate derivation
of tumoural blood flow and permeability, as well as a high spatial resolution assessment
of low-level permeability in a normal-appearing brain. We evaluated our new analysis
method through an in vivo study of patients with neurofibromatosis type 2 (NF2)-related
vestibular schwannoma undergoing antiangiogenic (bevacizumab) therapy.

In a previous longitudinal DCE-MRI study of NF2-related VS, it was demonstrated
that pre-treatment, low spatial resolution tumoural Ktrans estimates had the potential ability
to predict later VS volume response to anti-VEGF therapy [4]. As a parameter, however,
Ktrans reflects regional capillary blood flow, capillary endothelial permeability, and the
surface area of the capillary endothelial membrane [22], and the extent to which changes
in each of these physiological variables changed during treatment was unknown. From
earlier in vivo studies, the primary action of VEGF inhibitors, such as bevacizumab, was
thought to be the rapid reduction in capillary endothelial membrane permeability [49,50],
and it was hypothesized that the reduction in Ktrans observed following treatment might
be indicative of this mechanism. However, an alternative interpretation was that changes
in tumour blood flow could also affect measured Ktrans, and to address this question, our
study utilized a high spatial resolution multi-kinetic model analysis technique that permits
simultaneous estimation of both Fp and PS within the tumour microvasculature.

Our results demonstrated that the capillary permeability-surface area product (PS)
showed more pronounced treatment-related changes than Ktrans, with responding tumours
showing both significantly higher baseline PS and significant reductions in PS at 90 days
post-treatment compared to non-responding VS. On the other hand, our findings revealed
that Fp alone was not predictive of tumour volume response to bevacizumab treatment.
There was no difference in pre-treatment Fp between responding and non-responding
tumour groups, and in neither group was there a significant change in Fp during treatment
observed. Instead, across all VS studied, there was an increase in the relative scale of perfu-
sion to permeability (higher RFp) during treatment. Overall, these imaging observations
suggest that the changes observed in Ktrans following bevacizumab treatment are primarily
driven by a reduction in capillary endothelial membrane permeability, rather than hypothe-
sized changes in tumour blood flow. Such a finding is in line with previous in vivo murine
models evaluating anti-VEGF therapy response [4,51,52], which have shown early (< 24 h)
vascular normalization with reductions in both vascular permeability and the surface area
of vessels; this is to our knowledge the first time that microvascular flow and permeability
changes following anti-VEGF therapy in NF2-related VS have been differentiated through
an in vivo human imaging analysis.

This study demonstrated that, of the five microvascular parameters investigated
(Ktrans, PS, Fp, vp, and ve), baseline ve showed the most significant association with tumour
volume response to bevacizumab treatment. These findings are supported by previous
studies on the predictive value of an apparent diffusional coefficient (ADC) and a native
longitudinal relaxation rate (R1N) in relation to tumour volume response to the VEGF
inhibition [4,35,53]. High values of ADC and low values of R1N are in keeping with a
larger extravascular extracellular space, increased levels of interstitial free fluid, and likely
higher capillary permeability. Within our study, we found that baseline ve had a strong
correlation with percent volume reduction at day 90, which is consistent with Plotkin
et al., who found that high baseline ADC values were associated with tumour volume
reduction at 3 months [35]. Although high baseline ve was a strong correlate of tumour
shrinkage, tumour median values of ve showed only a non-significant percentage decrease
(−3.1% ± 21.4%, p = 0.56) in the ‘responder’ group and a significant percentage increase
(19.3% ± 17.0%, p = 0.01) in the ‘non-responder’ group at day 90. A multivariate model
combining pre-treatment ve, PS, and Fp demonstrated high sensitivity and specificity for
the prediction of volumetric response at 90 days, and these results, whilst preliminary,
suggest that initial volumetric response to anti-VEGF therapy appears more likely in VSs
that show both high levels of permeability and intratumoural oedema [4,54]. Future larger
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studies are, however, required to better understand the role of ve and PS in anti-VEGF
therapy prediction.

Alongside demonstrating that the presented multi-model analysis approach permits
differentiation of flow and permeability effects within the tumour microenvironment, we
demonstrated that integration of the hybrid FP-PP model with LEGATOS also permits
high spatial resolution assessment of low-level permeability within the normal-appearing
brain. In keeping with previous literature demonstrating higher blood volume, higher
vascular surface area, and higher transfer constant estimates in grey compared to white
matter [15,55,56], our study data demonstrated higher Ktrans estimates within NAGM
compared to NAWM. In this NF2 patient cohort, a significant positive correlation between
total VS disease burden and Ktrans values in NAGM/NAWM was observed. In patients with
VS, there is emerging evidence that there can be effects on the brain remote to the tumour,
with previous diffusion and functional MRI studies demonstrating widespread changes in
activity networks, grey matter volume, and white matter fibre integrity in auditory and
non-auditory regions in patients with these tumours [57–61]. To date, however, changes
in DCE-MRI parameters within the normal-appearing brain of patients with NF2 have
not been evaluated and further large, detailed studies are required to better understand
the pathophysiology of the observed Ktrans changes and their relationship to the tumour
burden in these patients.

A key limitation of the presented study is that the number of patient participants
was small. The primary aim of this study was to develop and evaluate the in vivo appli-
cability of a high spatial resolution multi-kinetic model DCE-MRI approach rather than
robustly evaluate predictors of NF2-related VS antiangiogenic response through a large
clinical trial. Patients with NF2-related VS undergoing bevacizumab therapy were used
as a disease model to test this new analysis approach due to both the previously reported
predictive potential of DCE-MRI in this tumour group and the purported vascular normal-
ization mechanism of anti-VEGF therapy that has been demonstrated in pre-clinical studies,
which could be interrogated through our DCE-MRI approach. Larger future prospective
studies incorporating this multi-model DCE-MRI analysis should be performed to better
understand the predictive potential of each derived parameter. A second limitation is that
the DTR DCE-MRI protocol and analysis technique used in the study has relatively long
scan (> 10 min) and data processing times. Using the multi-model LEGATOS integrated
pharmacokinetic analysis technique described here, the total computer processing time
(excluding image registration time) to obtain the comprehensive panel of microvascular
biomarkers with high spatial resolution and whole-brain coverage was approximately six
hours. The potential impact of MRI data noise on the reliability of derived microvascular
parameters also potentially remains a challenge. Further research and optimization are
required to overcome these limitations and establish the technique’s practical value in
routine clinical practice.

4. Materials and Methods
4.1. Patients

As a disease model to evaluate this new multi-model DCE-MRI analysis technique,
previously acquired dual-injection, DTR DCE-MRI data in twelve consecutive patients with
NF2-related VS were analysed. All patients were undergoing antiangiogenic therapy with
the anti-VEGF antibody, bevacizumab (Avastin©), and across all patients there were twenty
VSs, with four patients having undergone previous surgical resection of a VS. All patients
had been recruited and scanned as part of an earlier described study investigating MR
imaging predictors of antiangiogenic response [4]. Patients with standard contraindications
to MR imaging or contrast agent administration were excluded. Only patients with proven
NF2 and at least one VS demonstrating a high growth rate (defined as an annual increase
of 4 mm or greater in the maximal transverse diameter) were included. Detailed study
inclusion/exclusion criteria along with bevacizumab dose information are detailed in prior
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publications [4]. Ethical approval was in place for this study (REC reference 13/NW/0247)
and all recruited participants had previously consented to later analysis of their MRI data.

Patients underwent DCE-MRI on 2 occasions: pre-treatment (day 0) and 3 months
(day 90) following treatment. Tumours (VSs) were classified according to volumetric
response/reduction over the 90-day bevacizumab treatment period with response defined
as a volume reduction exceeding 0.125 cm3 and/or a relative volume decrease exceeding
5%. Further details on how volume response was defined are provided in the included
reference [4].

4.2. MRI Data Acquisition

All patients were imaged at 1.5 T (Philips Achieva, Best, The Netherlands) and dual-
injection DTR DCE-MRI data were collected using a 3D spoiled gradient-recalled echo se-
quence as described previously [62]. Using a power injector, a macrocyclic GBCA (gadoter-
ate meglumine; Dotarem, Guerbet S.A., Villepinte, France) was administered at a rate of
3 mL/s as an intravenous bolus, followed by a chaser of 20 mL/s of 0.9% saline at the
same rate. A high temporal (∆t = 1.0 s) but low spatial (voxel size = 2.5 × 2.5 × 6.35 mm3)
resolution DCE-MRI series (NFrame = 300) with a low-dose fixed-volume (3 mL) of GBCA
was performed for a total scan duration of 5.1 min. Subsequently, a high spatial (voxel
size = 1 × 1 × 2 mm3) but low temporal (∆t = 10.7 s) resolution DCE-MRI series with
a full dose (0.2 mL/kg·weight—3 mL dose of pre-bolus) of GBCA was performed for a
total scan duration of 10.6 min (NFrame = 60). Variable flip angle (a = 2◦, 8◦, 15◦, and
20◦) acquisitions were performed prior to the LDHT and FDHS DCE series for baseline
longitudinal relaxation rate estimation.

4.3. Image Processing

A 4D high spatiotemporal resolution GBCA concentration volume was generated from
DTR DCE-MRI using the LEGATOS technique. The LEGATOS reconstructed concentration
volume was subsequently fitted with the ETM, ET-CBF, and hybrid FP-PP models to derive
high spatial resolution estimates of Ktrans, vp, ve, CBFET, Fp, RFp, and PS, and to detect
low-level permeability (Ktrans) in normal-appearing brain regions.

As outlined above, low spatial resolution CBFET maps were derived from the arterial
phase of the 4D LDHTaligned volume (which is the arterial phase of the concatenated 4D
DTR GBCA concentration volume generated in key step I of the LEGATOS approach). High
spatial resolution CBFET maps were obtained by rescaling the low spatial resolution CBFET
with the calibration ratio maps generated as part of the LEGATOS procedure. CBFET-HS
and CBFET-HT maps could therefore be compared as part of this study.

Quantifying DCE-MRI-derived kinetic parameters through modelling requires a suit-
able vascular input function (VIF), and previous studies have demonstrated that the usage
of the superior sagittal sinus (SSS) as a surrogate input function provides a good approxi-
mation [63,64]. This VIF measurement method uses a semi-automatic extraction method to
identify voxels within the SSS that display maximum enhancement during the first pass of
the GBCA bolus, as has been previously described [65]. For the LEGATOS reconstruction,
a combined vascular input function is constructed through concatenation of the GBCA
concentration-time curve, Cp (t), from the LDHT series with the later parenchymal phase of
the dose-calibrated GBCA concentration-time curve from the FDHS-DCE series [4,6]. The
amplitude of the Cp (t) from the FDHS series is scaled down to match the LDHT-derived Cp
(t) using the dose calibration ratio prior to concatenation. Further details on the derivation
of the VIF for this analysis can be found in the included reference [20].

SPM (statistical parametric mapping) [66] was used for all image co-registration and for
segmentation of the 3D T1W MRI data into normal-appearing grey matter (NAGM), white
matter (NAWM), and cerebrospinal fluid (CSF) probability maps. After re-alignment/re-
slicing of each map to a baseline FDHS DCE frame, masks of NAGM and NAWM were
generated using a probability cut-off of 0.95. Only supratentorial NAGM/NAWM regions
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were included in each mask for quantitative analysis of Ktrans within normal-appearing
brain regions.

4.4. Statistical Analysis

High spatial resolution tumour microvascular parameters derived using the above
multi-model (ETM, ET-CBF, FP-PP) approach were compared both before and 90 days after
antiangiogenic therapy. Median tumour values for Ktrans, PS, Fp, RFp, ve, and vp were
calculated for each visit for the 20 VSs across the 12 NF2 patients. The group mean and
standard deviation of these tumour median values were compared across the two visits
using a paired t-test, with responding (N = 12) and non-responding (N = 8) VSs analysed
separately. Histograms of the fitted voxelwise microvascular parameters (Ktrans, PS, Fp,
RFp, ve, and vp) before and 90 days after treatment were also compared.

Estimates of Ktrans within NAGM and NAWM across the twelve patients were com-
pared using descriptive statistics and paired t-tests. Estimates of mean Ktrans measured
from the NAGM/NAWM segmentations were also compared with VS volume using scat-
terplot analysis and reported as Pearson’s and Kendall’s correlation coefficients (r, rs, and τ,
respectively). The tumour volume used in the correlation analysis was defined as either (1)
the average size across both VSs (or the size of the single VS in patients previously having
undergone a VS resection) or (2) the cumulative tumour volume across both/single VSs.

The hypothesis that pre-treatment tumour median values of Ktrans, PS, Fp, vp, and ve
do not differ between responding and non-responding VS was tested using the unpaired
Student’s t-test. Binary logistic regression (S-Plus, version 6.1; Insightful, Seattle, WA, USA)
was also performed to assess the ability of these imaging biomarkers to predict tumour
response at day 90. The predictive performance of the model was assessed by receiver
operator characteristics (ROC) analysis and calculation of the area under the curve (AUC).
Univariate and multivariate analyses were performed. A backward elimination variable
selection method was used in the multivariate analysis to obtain the best model.

Linear regression analysis was also performed to assess the relationship between
imaging parameters at baseline and tumour volumetric parameters (the baseline tumour
volume, tumour volume change, or percentage tumour volume change at day 90). A p
value less than 0.05 was considered to indicate a statistically significant difference.

5. Conclusions

This study proposed a new DTR DCE-MRI processing technique for high spatial
resolution interrogation of flow and permeability effects within both the tumour microen-
vironment and the associated normal-appearing brain regions. Evaluation in a cohort
of patients with NF2-related VS undergoing anti-VEGF therapy demonstrated that there
was an association between baseline tumour volume and low-level permeability (Ktrans)
changes within the normal-appearing brain and that, within the tumour microenvironment,
this new approach allowed for concomitant evaluation of blood flow and permeability
changes, with the tumoural capillary permeability-surface area product demonstrating
the most pronounced reduction at 90 days. In a preliminary study of volumetric response
predictors, baseline ve showed the strongest correlation with the change in tumour volume
during treatment, and a multivariate model combining ve, PS, and Fp demonstrated high
sensitivity and specificity for the prediction of volume reduction at 90 days. These results
highlight the utility of this novel DCE-MRI analysis approach in evaluating tumour mi-
crovascular changes during treatment and the need for future larger studies investigating
its role in predicting antiangiogenic therapy response.
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Appendix A

Measurement of CBFET has been previously described and is based on averaging
the concentration of early time points during the first pass of a low-dose compact bo-
lus [26]. For dual-injection, dual-temporal resolution DCE-MRI, high spatial resolution
CBFET (CBFET-HS) maps can also be derived through rescaling the low spatial resolution
CBFET (CBFET-HT) derived from the 4D LDHTaligned volume with the calibration ratio maps
generated as part of the LEGATOS procedure. Assuming that the GBCA concentration
curve in each HS pixel has a similar first pass shape as its concatenated LDHTaligned arte-
rial phase, the ratio of the HS arterial phase, Ct-HS(t), over the LDHTaligned arterial phase,
Ct-HT(t), can be used to convert the CBF estimate derived from the LDHTaligned arterial
phase (CBFET-HT) to the CBF of the concatenated HS pixel, CBFET-HS, that is,

CBFET−HS/CBFET−HT = Ct−HS(t)/Ct−HT(t), t ∈ arterial phase. (A1)

Based on the above, the calibration ratio, ratiocalib, can be defined as follows:

ratiocalib = Ct−HS(tadj)/Ct−HT(tadj) = CBFET−HS/CBFET−HT, (A2)

where tadj is the ending time point of the arterial phase. In the proposed LEGATOS method,
Ct-HS(tadj) was calculated as the mean concentration of the five HS frames following the HT
arterial phase and Ct-HT(tadj) as the mean concentration of several ending frames of the HT
arterial phase series.

The derived 3D calibration ratio map from Equation (A2) can then be used to convert a
low spatial resolution CBF map derived from the LDHTaligned arterial phase to high spatial
resolution:

CBFET−HS = CBFET−HT · ratiocalib. (A3)
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Appendix B

List of abbreviations used in dual-injection dual-temporal resolution DCE-MRI phar-
macokinetic analysis.

Symbol Definition Units

CBF Cerebral blood flow mL min−1 mL−1

CBFET Absolute cerebral blood flow generated using early time points method mL min−1 mL−1

CBFET-HS High spatial resolution estimates of CBFET mL min−1 mL−1

CBFET-HT Low spatial resolution estimates of CBFET mL min−1 mL−1

Cb(t) Concentration of contrast medium in arterial blood at time t mmol

Cp Concentration of contrast medium in arterial blood plasma at time t mmol

Ct(t) Concentration of contrast medium in the voxel at time t mmol

DCE-MRI Dynamic contrast-enhanced MRI

DTR Dual-temporal resolution

ETM The extended Tofts model

ET-CBF The ‘early time points’ method for absolute cerebral blood flow quantification

FP-PP The hybrid first-pass Patlak plot method

ETW
The early time window, i.e., the time window that meets the microsphere
prerequisite.

FDHS Full-dose high spatial resolution

Fp Plasma flow mL min−1 mL−1

HS High spatial (HS) resolution

HT High temporal (HT) resolution

Ktrans Volume transfer constant between blood plasma and extravascular
extracellular space

min−1

LDHT Low-dose high temporal resolution

LDHTaligned
4D LDHT DCE images co-registered to subsequent HS DCE series in
dual-injection DTR DCE-MRI

LEGATOS
A DTR DCE-MRI data construction technique: the level and rescale the
gadolinium contrast concentration curves of high temporal to high spatial

RFp The ratio of Fp to the sum of Fp and PS None

PS Capillary permeability–surface area product per unit mass of tissue mL min−1 mL−1

ve Volume of the extravascular extracellular space per unit volume of tissue none

vp Fractional blood plasma volume none
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