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Background and purpose: The excess fluid as a result of vasogenic oedema and the subsequent tissue cavitation 

obscure the microstructural characterisation of ischaemic tissue by conventional diffusion and relaxometry MRI. 

They lead to a pseudo-normalisation of the water diffusivity and transverse relaxation time maps in the subacute 

and chronic phases of stroke. Within the context of diffusion MRI, the free water elimination and mapping method 

(FWE) with echo time dependence has been proposed as a promising approach to measure the amount of free 

fluid in brain tissue robustly and to eliminate its biasing effect on other biomarkers. In this longitudinal study 

of transient middle cerebral artery occlusion (MCAo) in the rat brain, we investigated the use of FWE MRI with 

echo time dependence for the characterisation of the tissue microstructure and explored the potential of the free 

water fraction as a novel biomarker of ischaemic tissue condition. 

Methods: Adult rats received a transient MCAo. Diffusion- and transverse relaxation-weighted MRI experiments 

were performed longitudinally, pre-occlusion and on days 1, 3, 4, 5, 6, 7 and 10 after MCAo on four rats. Histology 

was performed for non-stroke and 1, 3 and 10 days after MCAo on three different rats at each time point. 

Results: The free water fraction was homogeneously increased in the ischaemic cortex one day after stroke. 

Between three and ten days after stroke, the core of the ischaemic tissue showed a progressive normalisation in 

the amount of free water, whereas the inner and outer border zones of the ischaemic cortex depicted a large, 

monotonous increase with time. The specific lesions in brain sections were verified by H&E and immunostaining. 

The tissue-specific diffusion and relaxometry MRI metrics in the ischaemic cortex were significantly different 

compared to their conventional counterpart. 

Conclusions: Our results demonstrate that the free water fraction in FWE MRI with echo time dependence is a 

valuable biomarker, sensitive to the progressive degeneration in ischaemic tissue. We showed that part of the 

heterogeneity previously observed in conventional parameter maps can be accounted for by a heterogeneous 

distribution of free water in the tissue. Our results suggest that the temporal evolution of the free fluid fraction 

map at the core and inner border zone can be associated with the pathological changes linked to the evolution 

Abbreviations: FWE, free water elimination; MCAo, middle cerebral artery occlusion; DW, diffusion-weighted; ADC, apparent diffusion coefficient; PVE, partial 

volume effect; FWET 2 , free water elimination with explicit T 2 attenuation; DTI, diffusion tensor imaging; T 2 W, T 2 -weighted; DTIT 2 , diffusion tensor imaging with 

explicit T 2 attenuation; FA, fractional anisotropy; MD, mean diffusivity; AIC, Akaike information criterion; SEM, standard error of the mean; std, standard deviation; 

CRLB, Cramr-Rao lower bound. 
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. Introduction 

MRI is a powerful tool for the characterisation of ischaemic tissue in

ll phases of stroke, both for humans and animal models ( Hoehn et al.,

001 ; Sotak, 2002 ; Weber et al., 2006 ). As one of the major MRI contrast

echanisms, diffusion-weighted (DW) MRI is unique in that it enables

ocalisation of the ischaemic region within the first half an hour after

he stroke onset ( Sotak, 2002 ). Indeed during the hyperacute ( < 2 h post

troke) and acute (2–3 h) phases of stroke, the apparent diffusion coef-

cient (ADC) is strongly reduced ( Moseley et al., 1990 ; Sotak, 2002 ),

hereas some of the so-called non-Gaussian diffusion biomarkers, e.g.

he mean kurtosis, show increased values ( Grinberg et al., 2014 , 2012 ;

ui et al., 2012 ; Jensen et al., 2011 ). These alterations have generally

een associated with inter-compartmental water shift and cell swelling

s a result of cytotoxic oedema ( Knight et al., 1991 ), changes in mem-

rane permeability ( Lätt et al., 2009 ) and the amount of bound wa-

er ( Bihan, 2007 ), the degradation of intracellular organelles ( Van Pul

t al., 2005 ), and neurite beading ( Budde and Frank, 2010 ). Conversely,

he transverse relaxation time ( T 2 ) is unaffected during the hyperacute

hase and only begins to change during the acute phase ( Carano et al.,

000 ; Helpern et al., 1993 ; Knight et al., 1994 ; Ordidge et al., 1991 ).

roposed mechanisms for the early rise in conventional T 2 values in-

lude the increase in the total water content ( Kamman et al., 1988 ;

night et al., 1991 ; T. N. Lin et al., 2002 ; Matsumoto et al., 1995 ), the

reakdown of cellular structures and the increase in non-bound water

 Ordidge et al., 1991 ). In the subacute phase of stroke ( ≥ 1 day), both

W and T 2 -relaxometry MRI parameters are further affected by the de-

elopment of vasogenic oedema and the subsequent disruption of the

ytoarchitecture ( Carano et al., 2000 ). In the days following stroke, DW

nd T 2 -relaxometry metrics start renormalising, with an increase in the

DC ( Carano et al., 2000 ; Knight et al., 1991 ; Pierpaoli et al., 1993 )

nd a decrease in the non-Gaussian metrics ( Hui et al., 2012 ) and T 2 
alues ( Carano et al., 2000 ; Knight et al., 1991 ; S. P. Lin et al., 2002 ;

agner et al., 2012 ). This renormalisation process is highly heteroge-

eous with region-dependent normalisation rates, which has been at-

ributed to the resolution of vasogenic oedema ( S. P. Lin et al., 2002 ;

agner et al., 2012 ). Finally, in the late subacute and chronic phases

 ≥ 7 days), further degradation of cell membranes, tissue cavitation and

ormation of fluid-filled cysts result in a secondary increase in the ADC

nd T 2 and a further reduction in non-Gaussian metrics ( Helpern et al.,

993 ; Hui et al., 2012 ; Jiang et al., 1997 , 1993 ; Knight et al., 1994 ;

egener et al., 2006 ). 

DW and T 2 -relaxometry MRI metrics can only be considered tissue-

pecific if the voxel contains a single type of tissue. If the voxel is affected

y the partial volume effect (PVE), the metric integrates the effect of

ll tissue types in the voxel. In particular, the PVE with cerebrospinal

uid (CSF) can greatly affect DW and relaxometry parameters given that

SF is characterised by diffusion coefficient and T 2 values several times

arger than those values for tissue ( Alexander et al., 2001 ; Piechnik et al.,

009 ). 

Within the framework of DW MRI, Pierpaoli and Jones (2004) re-

orted that both vasogenic oedema and CSF have similar diffusion

roperties and therefore affect the DW MRI signal in a similar man-

er. They proposed the use of a two-compartment model, with one

f the compartments referring to free fluid (free, isotropic diffusion)

nd the other to tissue (restricted, anisotropic diffusion). However, the

arameter estimation problem for this model is generally challenging

 Bergmann et al., 2020 ; Hoy et al., 2014 ) and, for single-shell diffusion
2 
e homogeneous increase in free water one day after stroke and its tendency to

emic cortex starting three days after stroke, followed by a progressive increase

 zone from three to ten days after stroke. Finally, the monotonous increase in

e of the cortex reflects the formation of fluid-filled cysts. 

ncoding schemes, even ill-posed ( Pasternak et al., 2009 ). Mitigations

o these problems include the acquisition of several diffusion weight-

ngs ( b -values) ( Pierpaoli and Jones, 2004 ), the addition of a spatial

egularisation of the tissue diffusion tensor ( Pasternak et al., 2009 ), and

onstraints in the fitting parameters ( Arkesteijn et al., 2017 ). Recently,

t has been demonstrated that, due to the difference in T 2 of free water

nd tissue, the explicit modelling of the T 2 -attenuation for each com-

artment, together with the acquisition of different T E values, leads to

 more accurate, precise and robust estimation of the model parameters

 Collier et al., 2017 ; Farrher et al., 2020 ; Molina-Romero et al., 2018 ).

he underlying idea of this approach is inspired by the well-known mul-

idimensional NMR methods ( Bernin and Topgaard, 2013 ; van Duss-

hoten, 1996 , 1995 ). However, there is a fundamental difference be-

ween the aforementioned multidimensional NMR methods, which are

ased on the inversion of the Laplace transform, and the FWE model

ith explicit account of T 2 attenuation (FWET 2 ), in which the number

f physical compartments is defined a priori . Furthermore, the difference

n T 2 of the tissue and water compartments leads to a T E dependence of

he relative free water fraction if that difference is not explicitly mod-

lled ( Collier et al., 2017 ; Pasternak et al., 2009 ). FWE DTI affords sev-

ral benefits, the most notable being the reduction in the bias in DTI

etrics and fibre tractography ( Arkesteijn et al., 2017 ; Hoy et al., 2015 ;

etzler-Baddeley et al., 2012 ), and the improvement of the test-retest

eproducibility ( Albi et al., 2017 ). Moreover, the free water fraction map

as been shown to be a sensitive biomarker for vasogenic oedema in

umours ( Pasternak et al., 2009 ) and neurodegenerative diseases such

s dementia ( Maier-Hein et al., 2015 ), Alzheimer’s disease ( Hoy et al.,

017 ) and Parkinson’s disease ( Ofori et al., 2015 ; Planetta et al., 2016 ).

The aim of this work is to demonstrate the use of FWET 2 for the char-

cterisation of the spatiotemporal evolution of ischaemia after transient

iddle cerebral artery occlusion (MCAo) stroke in rats. In the first part,

e performed a quantitative validation of the FWET 2 approach, com-

ared to conventional DTI and T 2 -relaxometry, for modelling the DW

nd T 2 W MRI signal in the rat brain tissue. In the second part, we charac-

erised the spatiotemporal evolution of ischaemia after stroke by means

f FWET 2 . In particular, we assessed the potential of the free water frac-

ion (provided by FWET 2 ) as a novel biomarker of neuropathological

hanges in ischaemia. We also compared the tissue-specific diffusion

nd transverse relaxation time provided by FWET 2 with those attained

sing conventional DTI and monoexponential T 2 -relaxometry methods.

hat is to say, we evaluated the extent to which the features shown by

onventional DTI and T 2 -relaxometry methods can be accounted for by

he presence of a free water compartment within the voxel of interest.

inally, we related the FWET 2 maps with histopathology scores and dis-

ussed the findings in light of the biophysical mechanisms examined in

he literature. 

. Materials and methods 

.1. FWET 2 model 

The FWET 2 model assumes that the DW and T 2 W MRI signal origi-

ates from two compartments with different transverse relaxation times

nd diffusion properties, in the slow-exchange regime ( Collier et al.,

017 ; Pasternak et al., 2009 ). The signal is written as follows 

 

(
𝑇 E , 𝑏, 𝐧 

)
= 𝑆 0 

[ 

𝑓 w 𝑒 
− 𝑇 E 

𝑇 2 , w 𝑒 − 𝑏 𝐷 w + 

(
1 − 𝑓 w 

)
𝑒 
− 𝑇 E 

𝑇 2 , t 𝑒 − 𝑏 𝐧 
T 𝐃 t 𝐧 

] 

, (1)
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here 𝑆 0 is the proton density, 𝐷 w and 𝐃 t are the diffusion coefficient

nd tensor for the free water and tissue compartments, respectively, 𝑇 2 , w 
nd 𝑇 2 , t denote the transverse relaxation times for the free water and tis-

ue compartments, respectively, and 𝑓 w is the T E -independent free water

raction. The experimentally controlled parameters are the strength and

irection of the diffusion weighting, 𝑏 and 𝐧 = ( 𝑛 𝑥 , 𝑛 𝑦 , 𝑛 𝑧 ) T , respectively,

nd the echo time 𝑇 E . Note that an additional multiplicative term of the

orm ( 1 − 𝑒 − 𝑇 𝑅 ∕ 𝑇 1 ,𝑐 ) for each compartment in Eq. (1) should be included

 priori ( 𝑐 = 𝑤, t ). However, this term can be neglected if the repetition

ime fulfils the condition 𝑇 𝑅 ≫ 𝑇 1 ,𝑐 . 

Assuming a voxel containing a single tissue type, the simplest repre-

entation of the DW and T 2 W MRI signal is written as follows: 

 

(
𝑇 E , 𝑏, 𝐧 

)
= 𝑆 0 𝑒 

− 𝑇 E 
𝑇 2 𝑒 − 𝑏 𝐧 

T 𝐃𝐧 , (2)

here 𝑇 2 and 𝐃 are the transverse relaxation time and diffusion tensor,

espectively ( Pierpaoli and Basser, 1996 ). Eq. (2) merely represents the

TI signal with an explicit T 2 exponential attenuation (DTIT 2 ). 

.2. Animal model 

All procedures and experiments were approved by the Institutional

nimal Care and Use Committee at the National Health Research In-

titutes (Taiwan). Adult male Sprague-Dawley rats (BioLASCO, Taipei,

aiwan), weighing 300–400 g, were anesthetised with chloral hydrate

0.4 g/kg, intraperitoneal injection; Sigma-Aldrich). The right mid-

le cerebral artery (MCA) was ligated with a 10–0 suture (N-2540,

onosof TM Covidien, Minneapolis, MN, USA) and common carotid ar-

eries were clamped bilaterally using non-traumatic arterial clips, to-

ether efficiently reducing > 80% blood flow in the MCA, causing con-

istently focal ischaemia in the cerebral cortex, as described previously

 Chen et al., 1986 ; Liu et al., 2011 ; Yu et al., 2020 ). The ligature and

lamps were removed after 90 min to generate reperfusion injury. Core

ody temperature was monitored and maintained at 37 °C by a heat-

ng pad during surgery. After recovery from the anaesthesia, the body

emperature was maintained at 37 °C using a temperature-controlled

ncubator. 

The animals were assigned to two groups. The first group contained

our rats subjected to a longitudinal MRI assessment, including assess-

ent prior to stroke (pre-occlusion) and on days 1, 3, 4, 5, 6, 7 and 10

fter MCAo. The second group contained twelve rats sacrificed immedi-

tely after individual MRI scan. Four time points were defined, namely

on-stroke, and 1, 3, and 10 days after MCAo (three rats for each time

oint). A custom-made rat head holder and a circulating heated water

ath were used. All rats were anesthetised with 1–2% isoflurane in oxy-

en during the MRI scans. Respiration was kept at 40–50 breaths per

inute, and body temperature was maintained at 37 °C. This was mon-

tored using a small animal physiological monitoring and control unit

SA Instruments, Stony Brook, NY). 

.3. MRI experiments 

Experiments were performed on a home-integrated, translational 3T

RI scanner equipped with an ultra-high-strength gradient coil (maxi-

um strength of 675 mT/m) ( Cho et al., 2019 ). A custom-built, single-

oop transmit/receive surface coil was utilised. A Stejskal-Tanner seg-

ented echo-planar imaging (EPI) pulse sequence (EVO, MR Solutions

td., UK) was used. The acquisition parameters were: repetition-time,

 R = 9 s; echo-time, T E = 50, 100 ms; b -values (directions) = 0 (8), 0.5

12) and 1.0 (26) and 2.0 (40) ms ∕ μm 

2 ( b = 2.0 ms ∕ μm 

2 was not used

n this work); diffusion gradient separation and duration, Δ = 24 ms

nd 𝛿 = 3 ms; one repetition. Additionally, eight b = 0 images (eight

epetitions) with T E = 70, 90, 110, 130 ms were acquired. Other param-

ters were: field-of-view, FOV = 25 × 25 mm 

2 ; matrix-size = 96 × 96;

oxel-size = 0.26 × 0.26 × 1 mm 

3 ; 20 image slices; phase-encoding di-

ection AP. One extra volume with opposite phase encoding was ac-

uired for the correction of distortions induced by tissue susceptibility
3 
ifferences. A turbo spin-echo sequence was used to acquire T 2 -weighted

tructural images. The protocol parameters were: T R = 4 s; T E = 68 ms;

ix repetitions; FOV = 25 × 25 mm 

2 ; matrix-size = 192 × 192; voxel-

ize = 0.13 × 0.13 × 1 mm 

3 ; 20 image slices. The scan time for the DW

nd T 2 W data acquisition was approximately 1 h and 20 min per rat. 

.4. Model parameter estimation 

The data processing pipeline is similar to Farrher et al. (2020) .

rior to the estimation of model parameters, the data were denoised

sing the adaptive optimised nonlocal means method ( Manjón et al.,

010 ). Susceptibility-induced and eddy-current distortions were cor-

ected using topup and eddy , provided by FSL ( Andersson et al.,

003 ; Smith et al., 2004 ). Gibbs-ringing artefact correction was per-

ormed using the total variation approach implemented in the toolkit

xploreDTI ( Leemans et al., 2009 ; Perrone et al., 2015 ). Similarly

o Veraart et al. (2017) , correction of the positive signal bias due

o its Rician nature was performed following the method described

y Gudbjartsson and Patz (1995) , with the estimation of the back-

round noise standard deviation, 𝜎, using the approach proposed by Aja-

ernández et al. (2009) . The remaining processing was completed us-

ng in-house Matlab scripts (Matlab 2015a, The MathWorks, MA, USA).

WET 2 model ( Eq. (1) ) parameter estimation was performed in two

teps: 

(i) DTIT 2 model parameters were estimated by fitting Eq. (2) to the

xperimental dataset (DW and T 2 W, Fig. 1 a), in order to generate an

nitial guess for 𝑇 2 , t and 𝐃 t . Estimation was performed via weighted-

inear least-squares, which for the DTIT 2 model parameters, 𝜽DTI T 2 =
 ln 𝑆 0 , 𝐷 xx , 𝐷 xy , 𝐷 xz , 𝐷 yy , 𝐷 yz , 𝐷 zz , 1∕ 𝑇 2 ] 

T , is written as follows: 

̂
DTI T 2 = 

(
𝐗 

T 𝐰𝐗 

)−1 𝐗 

T 𝐰𝐲 , (3) 

here 𝐲 ( 𝑁 × 1 ) is a column vector whose elements are given

y the natural logarithm of the N measured signals, i.e. 𝑦 𝑖 =
n 𝑀 𝑖 ( 𝑖 = 1 …𝑁) and the weighting matrix, 𝐰 ( 𝑁 ×𝑁), is a

iagonal matrix whose elements are given by 𝑤 𝑖,𝑖 = 𝑀 

2 
𝑖 
. The

 

th row of the design matrix, 𝐗 ( 𝑁 × 8 ), is written as 𝑋 𝑖, ∶ =
 1 , − 𝑏 𝑖 𝑛 

2 
𝑖𝑥 
, −2 𝑏 𝑖 𝑛 𝑖𝑥 𝑛 𝑖𝑦 , −2 𝑏 𝑖 𝑛 𝑖𝑥 𝑛 𝑖𝑧 , − 𝑏 𝑖 𝑛 

2 
𝑖𝑦 
, −2 𝑏 𝑖 𝑛 𝑖𝑦 𝑛 𝑖𝑧 , − 𝑏 𝑖 𝑛 

2 
𝑖𝑧 
, − 𝑇 E ,𝑖 ] . 

(ii) FWET 2 model parameters, 𝜽FWE T 2 =
 𝑆 0 , 𝑓 w , 𝐷 xx , 𝐷 xy , 𝐷 xz , 𝐷 yy , 𝐷 yz , 𝐷 zz , 𝑇 2 , t ] T , were estimated via con-

trained non-linear minimisation of the least-squares estimator, which

s written as 

̂
FWE T 2 = arg min 

𝜽FWE T 2 

‖𝐌 − 𝐒 
(
𝑇 E ,𝑖 , 𝑏 𝑖 , 𝐧 𝑖 ; 𝜽FWE T 2 

)‖2 , (4) 

here the elements of the vector 𝐒 ( 𝑇 E ,𝑖 , 𝑏 𝑖 , 𝐧 𝑖 ; 𝜽FWE T 2 ) are given by

he signal model ( Eq. (1) ) evaluated at ( 𝑇 E ,𝑖 , 𝑏 𝑖 , 𝐧 𝑖 ) . Minimisation of

q. (4) was performed with the help of the function fmincon available

n Matlab using the interior-point algorithm. 𝑇 2 and 𝐃 estimated

n step (i) were used as initial guess for 𝑇 2 , t and 𝐃 t , with an exhaustive

olution search in the parameters space along the 𝑓 w dimension. The

ollowing linear and non-linear constraints were imposed: 

(a) Linear constraints: 0 ≤ 𝑓 w ≤ 1 
(b) Non-linear constraints: 0 ≤ 𝜆𝑘 ≤ 1 . 1 𝐷 w ( 𝑘 = 1 , 2 , 3 ), where 𝜆𝑘 de-

otes the eigenvalues of the tissue diffusion tensor 𝐃 t ( 𝜆1 ≥ 𝜆2 ≥ 𝜆3 )

 Grinberg et al., 2011a ). 

Free water parameters were fixed to 𝑇 2 , w = 502 ms ( Piechnik et al.,

009 ) and 𝐷 w = 3 μm 

2 /ms ( Alexander et al., 2001 ). 

Due to the long longitudinal relaxation time of CSF ( 𝑇 1 , w = 4 . 3 s )
 Abbas et al., 2014 ) compared to 𝑇 R , we included a multiplicative term

qual to ( 1 − 𝑒 − 𝑇 𝑅 ∕ 𝑇 1 , w ) ≈ 0 . 88 in the free water compartment in order

o account for incomplete signal recovery. For the tissue compartment,

he condition 𝑇 R ≫ 𝑇 1 , t holds. DTI parameters FA and MD were evalu-

ted as described elsewhere ( Basser and Pierpaoli, 1996 ). Here they are

enoted as FA and MD for the case of DTIT 2 and FA t and MD t (tissue-

pecific) for FWET 2 . The signal-to-noise ratio (SNR) values were further

alculated as SNR = 𝑆 ∕ 𝜎. 
0 
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Fig. 1. (a) Schematic representation of the 

experimental setup. (b,c-top) Signal attenua- 

tion due to transverse relaxation and diffusion, 

shown as a function of the volume number 

along with the related model fit (DTIT 2 , blue 

line; FWET 2 , red line), for one voxel selected 

from the ipsilateral side and one voxel from 

the contralateral one (red and green arrows, 

respectively, in the top-left image). The corre- 

sponding b -value (grey, dashed lines) and 𝑇 E 
value (grey, solid lines) are also shown. (b,c- 

bottom) Plots of the residuals for FWET 2 (red 

lines) and for DTIT 2 (blue lines). (d-top) A map 

of the SNR. (d-bottom) A map of the thresh- 

old difference between the AIC values for both 

models: light-brown, FWET 2 statistically bet- 

ter than DTIT 2 ; dark-brown, DTIT 2 statistically 

better than FWET 2 . All images and maps re- 

fer to slice 2 (Bregma − 0.48 mm) ( Paxinos and 

Watson, 2004 ). 
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.5. Model validation 

First, a comparison of the goodness-of-fit of the signal models DTIT 2 

nd FWET 2 was performed by plotting the residuals of the fit for all ex-

erimental data points, defined as 𝑟 𝑖 = 𝑀 𝑖 − 𝑆( 𝑇 E ,𝑖 , 𝑏 𝑖 , 𝐧 𝑖 ; 𝜽) , ( 𝑖 = 1 …𝑁).

econdly, we used the corrected Akaike information criterion (AIC)

 Burnham and Anderson, 1998 ; Veraart et al., 2017 ) to decide whether

 better model fit is the result of an excess of degrees of freedom or

ue to a higher probability that one of the models describes the ex-

erimental data better than the other. The corrected AIC is defined as

𝐼𝐶 = 2 𝑘 + 𝑁 ln ( ‖𝐫 ‖2 ) + 2 𝑘 ( 𝑘 + 1 )∕( 𝑁 − 𝑘 − 1 ) , where r is the vector of

esiduals and k is the number of degrees of freedom, i.e. 𝑘 = 8 for DTIT 2 

nd 𝑘 = 9 for FWET 2 . A difference in AIC values between models greater

r equal to 2 is considered to be statistically significant ( Burnham and

nderson, 1998 ). 

.6. Statistical analysis of FWET 2 and DTIT 2 parameters 

The regions-of-interest (ROIs) on the ipsilateral and contralateral

ides were manually drawn on slices 1 and 2 (Bregma 0.48 mm and

 0.48 mm, respectively ( Paxinos and Watson, 2004 )) so as to cover the

ortex, using the colour-coded FA maps as a guide (inset in Fig. 4 a).

ote that, due to the limited spatial resolution of our data, analysis of

he external capsule was not conducted. 

The mean and standard deviation of all parameters were calculated

or each animal and each time point separately for all voxels in the entire

OIs in slices 1 and 2. We denote the mean and standard deviation of a

arameter 𝐴 over a given ROI as �̄� and 𝜎𝐴 , respectively. Furthermore,

he mean, ⟨�̄� ⟩, and the standard error of the mean (SEM) over animals

ere computed and plotted against the time after occlusion. In order

o investigate the temporal evolution of the biologically-induced ROI

eterogeneity for each parameter ( Wagner et al., 2012 ), the coefficient

f variation of each parameter over the ROIs, defined as Co V 𝐴 = 𝜎𝐴 ∕ �̄� ,

as evaluated for each animal. Thereafter, the mean, ⟨Co V 𝐴 ⟩, and the

orresponding SEM were computed over the animals and plotted as a

unction of time after occlusion. 

The goal of the statistical analysis was two-fold. Firstly, we aimed to

est for significant differences between the ipsilateral and contralateral
4 
OIs for each time point and each FWET 2 parameter using a two-tailed

aired t -test. Secondly, we aimed to compare DTIT 2 versus FWET 2 pa-

ameters in the ipsilateral ROI, also using a two-tailed paired t -test. 

.7. Group-based template analysis 

In order to evaluate the spatial heterogeneity of 𝑓 w across an-

mals in a voxel-wise manner, a group-based template was created

or each time point. This was achieved using the FA from DTIT 2 

ia 2-dimensional, linear and non-linear registration with the help of

he scrip antsMultivariateTemplateConstruction2.sh , 
vailable in ANTs ( Avants et al., 2011 ). Subsequently, the affine trans-

ormation (firstly) and the warp field (secondly) were applied to 𝑓 w 
aps of each animal. Finally, a voxel-wise mean, ⟨𝑓 w ⟩, and standard

eviation, std , of the 𝑓 w maps over the four animals were calculated for

ach time point. 

.8. Histology 

A total of twelve animals were used for hematoxylin and eosin

H&E) stain and immunohistochemistry (IHC). The animals were sacri-

ced immediately after individual MRI. The animals were deeply anes-

hetised and transcardially perfused with 0.9% saline, followed by 4%

araformaldehyde (PFA, Sigma-Aldrich) in a 0.1 M phosphate buffer

PB, Sigma-Aldrich), pH 7.3. Brains were dissected from the skull and

ost-fixed for 24 h at 4 °C in PFA solution. Coronal paraffin-embedded

rain sections were sliced at 4 μm thick and collected close to the

regma − 0.48 mm. 

For H&E staining, an automated slide staining system (Tissue-Tek

RS 2000, Sakura Finetek Europe, Netherlands) was used, and the stan-

ard protocol of the manufacturer was followed. For IHC, tissue sec-

ions adjacent to those processed by H&E were incubated with the pri-

ary antibody: polyclonal rabbit anti-ionised calcium-binding adaptor

olecule 1 (Iba-1, 1:100, GTX10042, GeneTex) or anti-glial fibrillary

cidic protein antibody (GFAP, 1:1000, ab7260, Abcam). The detec-

ion was processed in the Discovery XT automated IHC/ISH slide stain-

ng system (Ventana Medical Systems, Inc., Tucson, US), using the ul-

raView Universal DAB Detection Kit (Ventana Medical Systems, Inc.,
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ucson, US), according to the manufacturer’s instructions. The reaction

roduct on the tissue section was visualised by the chromogen 3,3 ′ -

iaminobenzidine (DAB, brown). Counterstaining with hematoxylin

purple) was then additionally performed. A negative control without

he primary antibody was prepared to evaluate the specificity of IHC

est. 

All stained brain sections were imaged with Pannoramic MIDI

3DHISTECH, Ltd., Hungary), a digital pathology slide scanning sys-

em (Objective: Plan-Apochromat 20 ×; Camera: CIS VCC-FC60FR19CL,

.6 ×; micrometer/pixel: 0.243094) and CaseViewer software (3DHIS-

ECH, Ltd., Hungary). In this study, the H&E images were evaluated

y scoring the injury severity of the histopathological features, while

he images of Iba-1 and GFAP staining were assessed qualitatively and

ubjectively for immunoreactivity changes without computer-assisted

mage analysis. 

.9. Histopathological analysis 

All H&E stains were analysed for tissue pathology at the lesion by

njury scoring. The lesioned cortex was divided into three sub-regions

rom the outside inwards: outer border zone, core area, and inner border

one. This was done by dividing line segments in the ratio of 1:3:1, per-

endicular to the cortical surface and the external capsule ( Fig. 8 a). A

-point scoring system was used to evaluate the injury severity (0 = no

athological injury; 1 = mild injury; 2 = moderate injury; 3 = severe

njury). To evaluate the neuropathological tissue changes, we examined

our to six images, evenly distributed in the individual sub-regions of

he lesion, the aim being to comprehensively sample the whole lesioned

ortex. The images were captured using a 20 × objective lens. For each

istopathological feature, the severity score was calculated as the mean

f the scores obtained from the four or six representative images in each

ub-region of the brain. Histopathological features of interest were as-

essed and scored, including (1) cerebral subleptomeningeal oedema,

efined as enhanced space containing CSF; (2) liquefactive necrosis, re-

ulting in disruption of the tissue cytoarchitecture and the formation of

uid-filled cysts; (3) perivascular oedema, characterised by vasogenic

edema; (4) vacuolation of neuronal cell, defined as acute cell injury;

5) vacuolation of the neuropil, defined as spongiosis and oedema and

6) cavitation, including cavitative lesions and cyst-like cavities. Anal-

sis was performed in a blind manner by two examiners. The severity

core was then determined as the average of the scores obtained by both

xaminers. We aimed to examine the injury severity of histopathological

eatures on different sub-regions in relation to stroke time course. In ad-

ition, the corresponding ⟨𝑓 w ⟩ values were evaluated in the same animal

n order to investigate the correspondence of 𝑓 w with the histopatholog-

cal features. 

.10. Data and code availability statement 

Experimental data published in this work and scripts will be avail-

ble via formal request to the corresponding authors and a signed data-

haring agreement. 

. Results 

.1. Model validation 

A scheme of the experimental design is shown in Fig. 1 a, demon-

trating the signal attenuation due to both transverse relaxation and

iffusion. The plots in Fig. 1 b,c (top) show the signal attenuation ver-

us acquisition volume number along with the related model fit for one

oxel selected from the ipsilateral side and one from the contralateral

ide (red and green arrows, respectively, in Fig. 1 a). The correspond-

ng b -value (grey, dashed lines) and T E value (grey, solid lines) are

lso shown in order to demonstrate each experimental parameter. The

lots of the residuals shown in Fig. 1 b (bottom) demonstrate that for
5 
 -value = 0.5 ms ∕ μm 

2 , the residuals for FWET 2 (red lines) tend to be

loser to zero than those for DTIT 2 (blue lines), especially in the ipsilat-

ral voxel. The map of the threshold difference between the AIC values

 Veraart et al., 2017 ) for both models ( Fig. 1 d, bottom) demonstrates

hat FWET 2 provides a statistically better fitting of the experimental

ata than DTIT 2 in the majority of the voxels. Some exceptions in the

ottom of the brain are observed where the SNR values fall below ∼5

see the SNR map in Fig. 1 d, top). 

.2. Spatiotemporal evolution of DTIT 2 vs FWET 2 parameters 

An overview of the spatiotemporal evolution of the FWET 2 maps for

lice 2 (Bregma − 0.48 mm) for a representative animal is summarised in

ig. 2 , alongside the DTIT 2 maps and the high-resolution, T 2 -weighted

mages. MD and M D t were both homogeneously reduced in the cortex

n day 1. Between days 3 and 7, MD and M D t tended to renormalise at

he core of the affected area, whereas there was an increase of MD and

 D t above normal values at the inner border zone between the exter-

al capsule and the cortex (red arrows). In this border zone, the values

eached a peak on day 4, dropped towards day 7 and rose again on day

0. Moreover, MD appeared brighter than M D t . A later, steady increase

oth in MD and M D t , starting five days after stroke (white arrows), was

bserved in the outer border zone. 

Both FA and F A t were homogeneously reduced in the whole cortex

etween days 1 and 10. Besides the well-known reduction of the conven-

ional FA in the ipsilateral cortex ( Carano et al., 2000 ), other changes

ere not observed in either FA or F A t during the whole time period. 

An increase in both 𝑇 2 and 𝑇 2 , t in the cortex was observed on day 1.

etween days 3 and 7, 𝑇 2 and 𝑇 2 , t tended to normalise at the core area,

ith 𝑇 2 being much more heterogeneous than 𝑇 2 , t (black arrows). More-

ver, 𝑇 2 at the inner border zone remained high and peaked at 4 days

fter stroke, whereas the normalisation of 𝑇 2 , t was much slower com-

ared to that of 𝑇 2 . By day 10, both 𝑇 2 and 𝑇 2 , t had similar values at the

ore, yet larger values compared to the contralateral side. At the outer

order zone, 𝑇 2 appeared to steadily increase, whereas 𝑇 2 , t remained

onstant and comparable to the lesion core (white arrows). 

Before occlusion, 𝑓 w at the external capsule and the corpus callosum

howed slightly higher values compared to the cortex. Voxels around the

entricles that were affected by PVE with CSF showed the typical pattern

f higher values compared to tissue-only voxels ( Pasternak et al., 2009 ).

ote that the estimation of 𝑓 w seems much more unstable in the lower

art of the brain due to the low SNR values in that region ( Fig. 1 d, top)

 Hoy et al., 2014 ). One day after stroke, 𝑓 w homogeneously increased in

he whole cortex and external capsule. Between days 3 and 7, 𝑓 w in the

schaemic core tended to slowly normalise in a heterogeneous manner.

n example of this can be seen in the areas depicted by the magenta

rrows in Fig. 2 d, which normalise at different rates. In addition, in-

reasing 𝑓 w values can be seen in the inner border zone, with the peak

ccurring on day 4 after stroke (green arrow). Between days 5 and 7,

 w decreased slightly and then rose again on day 10. In contrast, at the

uter border zone, 𝑓 w started increasing in a steady manner after 4 days

white arrows). 

Fig. 3 a–d illustrates the histograms of FWET 2 parameters 𝑓 w , M D t ,

 A t and 𝑇 2 , t taken over the ipsilateral and contralateral hemispheres for

lices 1 and 2. Four representative time points are depicted as exam-

les. The corresponding scatter plots of M D t , F A t and 𝑇 2 , t versus 𝑓 w are

lso shown. All histograms for the contralateral hemisphere and all pa-

ameters have a unimodal distribution. Conversely, all histograms for

he ipsilateral hemisphere show a double modal distribution 1 day af-

er stroke. A shift towards higher values for 𝑓 w and 𝑇 2 , t for the peak

elated to the affected area was observed, whereas for M D t and F A t the

hift happened towards the lower values. Between days 4 and 10, the

imodal distribution holds for F A t and 𝑇 2 , t , whereas M D t tends to show

 unimodal distribution with the peak for the affected area becoming a

houlder-like shape as a consequence of the renormalisation. During this
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Fig. 2. Spatiotemporal evolution of the maps 

of MD and M D t (a), FA and F A t (b), 𝑇 2 and 𝑇 2 , t 
(c), 𝑓 w (d) and high-resolution, 𝑇 2 -weighted im- 

ages (e). All maps are shown for slice 2 (Bregma 

− 0.48 mm) ( Paxinos and Watson, 2004 ). Note 

that the colour scale of 𝑓 w is not linear, and 

the grey colours indicate normal healthy tissue 

values ( 𝑓 w ∼< 0.05). 

Fig. 3. Histograms of 𝑓 w , M D t , F A t and 𝑇 2 , t taken over the contralateral (blue) and ipsilateral (red) hemispheres, for slices 1 and 2 (Bregma 0.48 mm and − 0.48 mm, 

respectively) ( Paxinos and Watson, 2004 ) and 4 representative time points: 1 day (a), 4 days (b), 6 days (c) and 10 days (d) after stroke. The corresponding scatter 

plots of M D t , F A t and 𝑇 2 , t versus 𝑓 w are additionally shown. Green arrows refer to the tail of points coming from the ventricles and the voxels at the tissue-CSF 

interface. 

Table 1 

Spearman’s correlation coefficient for M D t , F A t , and 𝑇 2 , t vs. 𝑓 w . The analysis was performed for the contralateral (ctrl) and the ipsilateral (ipsi) hemispheres as well 

as for the ipsilateral hemisphere with the constraint 𝑓 w ≥ 0 . 07 , i.e. abnormal 𝑓 w points (ipsi abn). Note that voxels at the ventricles and at the interface between 

tissue and CSF (green arrows in Fig. 3 ) were masked out for the correlation analysis. ∗ , p < 0.05; ∗ ∗ , p < 0.005. 

M D t vs. 𝑓 w F A t vs. 𝑓 w 𝑇 2 , t vs. 𝑓 w 
day ctrl ipsi ipsi abn ctrl ipsi ipsi abn ctrl ipsi ipsi abn 

1 − 0.34 ∗ ∗ − 0.22 ∗ ∗ − 0.19 ∗ ∗ 0.43 ∗ ∗ − 0.19 ∗ ∗ 0.10 − 0.38 ∗ ∗ 0.21 ∗ ∗ − 0.36 ∗ ∗ 

4 − 0.14 ∗ ∗ 0.28 ∗ ∗ 0.22 ∗ ∗ 0.45 ∗ ∗ − 0.20 ∗ ∗ − 0.08 − 0.57 ∗ ∗ 0.28 ∗ ∗ 0.79 ∗ ∗ 

6 − 0.42 ∗ ∗ 0.07 ∗ 0.66 ∗ ∗ 0.46 ∗ ∗ 0.15 ∗ ∗ − 0.28 ∗ − 0.56 ∗ ∗ − 0.14 ∗ ∗ 0.32 ∗ ∗ 

10 − 0.31 ∗ ∗ 0.05 0.03 0.51 ∗ ∗ 0.10 ∗ ∗ 0.18 ∗ − 0.64 ∗ ∗ 0.12 ∗ 0.48 ∗ ∗ 

t  

o

 

d  

s  

a  

t  

t  

p  

A  
ime, 𝑓 w also shows a unimodal distribution, with an increasing number

f abnormally high values. 

The scatter plots for M D t , F A t and 𝑇 2 , t versus 𝑓 w in Fig. 3 demonstrate

istinctive features between the contralateral and the ipsilateral hemi-

pheres. The Spearman’s correlation coefficients for each hemisphere
6 
re listed in Table 1 . Coefficients for all three pairs of parameters for

he contralateral hemispheres show the same consistent trend for all

ime points. The behaviour for the ipsilateral hemisphere is more com-

lex, with the sign of the correlation being dependent on the time point.

 correlation analysis restricted to voxels showing relatively high free
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Fig. 4. (a–d) Temporal evolution of the mean, ⟨…⟩, of DTIT 2 
(blue lines) and FWET 2 (red lines) parameters for the ipsilat- 

eral (solid lines) and contralateral (dashed lines) ROIs (shown 

overlaid to the colour-coded FA, inset in (a)), taken over 4 an- 

imals. (e–h) Temporal evolution of the mean of CoV for each 

parameter, taken over 4 animals. Error bars denote the SEM. 
∗ ,# p < 0.05; ∗ ∗ ,## p < 0.01. 
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ater fractions ( 𝑓 w ≥ 0 . 07 ) in the ipsilateral hemisphere was addition-

lly performed. Both M D t and 𝑇 2 , t show a negative correlation with 𝑓 w 
n day 1 after stroke, whereas the correlation turns positive for later

ime points. The slope of this correlation tends to decrease with time.

hen these points are mapped back, it can be seen that these voxels

re located in the aforementioned inner border zone between the ex-

ernal capsule and the cortex. Interestingly, the outer border zone does

ot show the previously discussed correlation. A number of points with

ncreased 𝑓 w values can be observed in the contralateral hemisphere,

eferring to voxels located at the interface between the tissue and the

SF in the ventricles (green arrows). As expected, the M D t , F A t and 𝑇 2 , t 
alues for those voxels show normal values. This behaviour also holds

or M D t and F A t in the ipsilateral hemisphere. 

.3. ROI analysis 

The group-averaged, temporal change in DTIT 2 and FWET 2 param-

ters and CoV values for the cortex are shown in Fig. 4 a–d and 4e-h,

espectively. All parameters in the contralateral cortex were practically

nvariant compared to the ipsilateral cortex. One day after stroke, ⟨MD ⟩
nd ⟨M D t ⟩ in the ipsilateral cortex dropped by ∼31% and ∼39%, re-

pectively. Beyond day 3, the values of ⟨MD ⟩ reached a peak on day

 ( ∼11%), slightly decrease until day 7 and finally increased again on

ay 10 ( ∼35%). In contrast, ⟨M D t ⟩ values in the ipsilateral cortex did

ot show significant differences compared to the contralateral cortex
7 
etween days 3 and 10. At the ipsilateral cortex, ⟨MD ⟩ was significantly

igher that ⟨M D t ⟩ before ( p < 0.05) and after stroke ( p < 0.01). The

eterogeneity analysis within the ROI ( Fig. 4 e) shows that ⟨Co V M D t ⟩ in

he ipsilateral cortex is significantly larger than in the contralateral side

t all time points after stroke. Although ⟨Co V MD ⟩ seems visually larger

han ⟨Co V M D t ⟩ at all time points, the difference is only significant 7 days

fter stroke ( p < 0.01). 

Both ⟨FA ⟩ and ⟨F A t ⟩ were significantly lower ( p < 0.01) in the ipsi-

ateral cortex from day 1 ( ∼52% and ∼45%, respectively) and continued

o slightly decrease from day 3 through 10 ( ∼61% and ∼53%). ⟨FA ⟩ was

ignificantly lower than ⟨F A t ⟩ both before ( p < 0.05) and after stroke ( p

 0.01). It is also shown that, although ⟨Co V F A t ⟩ at the ipsilateral cortex

s visually larger than that in the contralateral cortex, the difference is

nly significant between days 4 and 10 ( Fig. 4 f). 

Both ⟨𝑇 2 ⟩ and ⟨𝑇 2 , t ⟩ were significantly larger at the ipsilateral cortex

han the contralateral cortex at all time points after stroke ( p < 0.01).

oth relaxation times peaked 1 day after stroke ( ∼112% and 108%, re-

pectively), started dropping until day 6 ( ∼34% and ∼30%) and rose

gain from day 7 until day 10 ( ∼52% and ∼33%). ⟨𝑇 2 ⟩ was signifi-

antly higher than ⟨𝑇 2 , t ⟩ before occlusion ( p < 0.05) and after occlu-

ion ( p < 0.01). The analysis of ROI heterogeneity ( Fig. 4 g) shows that

Co V 𝑇 2 , t 
⟩ in the ipsilateral cortex is significantly larger than in the con-

ralateral cortex at all time points after stroke. Moreover, ⟨Co V 𝑇 2 
⟩ is

ignificantly larger than ⟨Co V 𝑇 2 , t 
⟩ at all time points, with the exception

f day 6. 
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Fig. 5. Temporal evolution of the voxel-wise mean, ⟨𝑓 w ⟩, and standard deviation, std, maps of 𝑓 w taken 

over four animals. 
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The free water fraction ( Fig. 4 d) in the contralateral cortex averaged

cross all time points was ⟨𝑓 w ⟩ = 0 . 018 ± 0 . 007 . ⟨𝑓 w ⟩ in the ipsilateral

ortex was ∼287% higher than in the contralateral cortex 1 day after

troke. The peak value was reached on day 4 ( ∼347%), ⟨𝑓 w ⟩ then starts

ropping until day 6, after which it rises again with a maximum increase

n day 10 ( ∼500%). All changes were significant compared to the con-

ralateral cortex ( p < 0.01). The analysis of heterogeneity revealed that

 day after stroke ⟨Co V 𝑓 w 
⟩ in the ipsilateral cortex ( Fig. 4 h) showed no

ignificant differences compared to the contralateral values. However,

etween days 3 and 7, ⟨Co V 𝑓 w 
⟩ in the ipsilateral cortex was significantly

arger than in the contralateral cortex. 

.4. Group-based template analysis 

Fig. 5 shows the spatiotemporal evolution of the mean, ⟨𝑓 w ⟩, and

tandard deviation, std, free water fraction maps taken over the four

nimals, following registration to the group-based template, for each

ime point. The spatial and temporal behaviour of ⟨𝑓 w ⟩ is highly com-

arable to that of 𝑓 w for animal 1 ( Fig. 2 d). The std maps in the healthy

issue show rather low values for all time points. This is also the case

or the ischaemic core, especially at 1 day after stroke, where the std

ap shows values similar to the ipsilateral cortex. Conversely, the outer

nd inner border zones of the ischaemic tissue tend to show more het-

rogeneity across animals, as demonstrated by the higher std values in

ig. 5 . 

.5. Histology 

Fig. 6 shows the 𝑓 w map of the lesion (red ROI, overlaid onto the FA

aps) and the corresponding overview of H&E, Iba-1, and GFAP stains

or the same animal and at the adjacent slice/section position (close

o Bregma − 0.48 mm). Note that 𝑓 w shows a very similar spatiotem-

oral heterogeneity ( Fig. 6 a), consistent with the corresponding ⟨𝑓 w ⟩
n Fig. 5 . H&E staining (sensitive to detect non-specific cell and tissue

orphology) revealed coexisting pathological changes ( Fig. 6 b). For im-

unoreactivity, Iba-1( + ) for microglia/macrophages and GFAP( + ) for

strocytes were used to indicate both the extent of cellular responses

nd the spatial relation in the ischaemic cortex at different time points

 Fig. 6 c and d). 

In histology, three sub-regions of the ischaemic cortical lesion

 Fig. 8 a) were examined separately. Fig. 7 shows the high magnification
8 
mages from the respective sub-region at different time points shown in

ig. 6 . As seen in the representative H&E images ( Fig. 7 a–d), massive

euronal cell vacuoles (left-hand side inset, green arrow heads), with

izes ranging from 10 to 25 μm, and vacuoles of neuropil, also defined

s spongiosis and oedema, (right-hand side inset, green arrows), with

izes ranging from 5 to 25 μm, were found in three sub-regions of the is-

haemic cortex on day 1 after MCAo ( Fig. 7 b), as compared with the non-

troke animal ( Fig. 7 a). Perivascular oedema was also observed (blue

rrow, Fig. 7 b). On day 3 after MCAo, extensive perivascular oedema,

ith perivascular space diameter ranging from 50 to 200 μm, was found

blue arrows, Fig. 7 c), whereas vacuolation of neuronal cell and of the

europil was less evident. Cavitation was initially observed in the in-

er border zone, while cerebral subleptomeningeal oedema, denoted by

he enhanced space between arachnoid and pia matter containing CSF,

ith thickness varying from 50 to 100 μm (black arrow) was shown in

he outer border zone on day 3 ( Fig. 7 c). On day 10 after MCAo, mas-

ive cyst-like cavitation (asterisks, Fig. 7 d), with sizes varying from 50

o 250 μm, was observed at the inner border zone, while cerebral sub-

eptomeningeal oedema (black arrow, Fig. 7 d), with thickness varying

rom 50 to 150 μm, was also shown in the outer border zone. Lique-

active necrosis accompanied by destroyed tissue cytoarchitecture and

uid-filled cysts (red arrows, Fig. 7 d) was also found from the outer

order to the core area on day 10 after stroke. 

In addition to the detection of morpho-histopathological changes in

he ischaemic sections, IHC staining was tested for Iba-1 and GFAP im-

unoreactivity in the ischaemic injury. The negative control section was

ested, showing no brown DAB reaction for IHC (data not shown). For

icroglia/macrophages, activated amoeboid Iba-1( + ) cells with a round

ell body, and a small number of short processes were found in the is-

haemic cortex, along with the formation of vacuoles of the neuronal

ell and of the neuropil on day 1 after MCAo, as compared to inac-

ive ramified Iba-1( + ) cells of non-stroke (insets, Fig. 7 e vs. 7f). On day

 after stroke, massive activated rounded Iba-1( + ) cells were found in

oth border zones (magenta arrows, Fig. 7 g) but not in the core of the

esion, indicating the infiltration of Iba-1( + ) macrophages ( Fig. 7 g). On

ay 10 after stroke, a significant accumulation of activated rounded Iba-

( + ) cells (magenta arrows, Fig. 7 h) was observed in the lesioned area,

hereas severe liquefied necrosis was observed in the outer border zone.

For the case of astrocytes, GFAP immunoreactivity was found to be

nhanced after stroke ( Fig. 7 i–l). On day 1 after stroke, brain tissues

howed a strong immunoreactivity to reactive astrocytes with moderate
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Fig. 6. (a) Spatiotemporal evolution of the 

𝑓 w maps at the cortical lesion (delineated 

by the red ROI overlaid onto FA maps) and 

(b–d) corresponding overview of the histo- 

logical staining. The maps of 𝑓 w show the 

lesion heterogeneity over time (a) and the 

link to the histopathological changes detected 

with H&E (b). For IHC, Iba-1( + ) stains show 

the infiltration and then the accumulation of 

microglia/macrophages (c, also see Fig. 7 g 

and h). GFAP( + ) stains show reactive astro- 

cyte swelling prior to Iba-1( + ) cell infiltra- 

tion and markedly infiltrated reactive astro- 

cytes with prominent processes surrounding 

the large empty cyst-like cavitation at the inner 

border zone in the late subacute phase (d, also 

see Fig. 7 j and l). Note that cell immunoreactiv- 

ity was detected by chromogen DAB (brown), 

and hematoxylin (purple) was used as nuclear 

counterstaining. Scale bars represent 1 mm. 
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ell body and process enlargement (inset, Fig. 7 j) in all sub-regions of

he ischaemic cortex accompanied with vacuoles in the neuronal cell

nd neuropil, compared to the resting astrocytes (inset, Fig. 7 i) from

he non-stroke animal. On day 3 after stroke, relatively few reactive

strocytes with severe cell body enlargement and a significant reduc-

ion in processes (inset, Fig. 7 k) were observed in the core area whereas

trongly enhanced, reactive astrocytes with prominent processes were

nitially observed in the inner border zone ( Fig. 7 k). On day 10 after

troke, the ischaemic cortex showed almost no GFAP( + ) astrocytes in

he core and outer border zone ( Fig. 7 l), whereas the inner border zone

ontained abundant, reactive GFAP( + ) astrocytes, which appeared to be

nlarged and with prominent processes (inset, Fig. 7 l). In addition, the

mpty cyst-like cavitation (asterisks, Fig. 7 l), with no counterstained nu-

lei (purple) inside, in the inner border zone was found to be surrounded

y end-feet of reactive GFAP( + ) astrocytes (yellow arrow, Fig. 7 l). 

.6. Histopathological examination and comparison with 𝑓 w 

A comparison of the spatiotemporal evolution of 𝑓 w with the semi-

uantitative histopathological scoring was performed. Given the ob-

erved 𝑓 w heterogeneity at the ischaemic lesion, in order to explore the

istopathological correspondence with 𝑓 w , we divided the cortical le-

ion into three sub-regions based on its distance to the cortical surface

 Fig. 8 a). Fig. 8 b shows that ⟨𝑓 w ⟩ (i.e. 𝑓 w averaged within the ROI and

hen over three animals) at the core of the lesion significantly increased

n day 1 after MCAo ( ∗ , p < 0.05), it tended to normalise to the baseline

alue on day 3 and then kept increasing on day 10. At the inner border

one, ⟨𝑓 w ⟩ showed a significant increase on day 3 ( ∗ , p < 0.01), while

t the outer border zone, it significantly increased on both day 3 and
9 
ay 10 ( ∗ , p < 0.01; #, p < 0.05). In particular, the ischaemic cortical

esion showed a significant 𝑓 w heterogeneity between the two adjacent

ub-regions ( † , ‡ ; p < 0.05), i.e. 𝑓 w reduced to baseline values at the core

rea whereas it increased at the border zones on day 3. 

We assessed six histopathological features related to vasogenic

edema and fluid-filled structures/pathology on H&E stained images by

sing mean damage scores reflecting the severity of the injury. Cerebral

ubleptomeningeal oedema tended to enhance from day 3 at the outer

order zone ( Fig. 8 c). In addition, liquefactive necrosis tended to be

ore severe at the core and outer border zone on day 10 ( Fig. 8 d). On

he other hand, the damage level of the perivascular oedema tended to

ncrease on day 1 and peaking on day 3 for all sub-regions ( Fig. 8 e). On

he contrary, vacuolation of neuronal cell and of the neuropil peaked

oth on day 1 and progressively diminished from day 3 for all sub-

egions ( Fig. 8 f and 8 g, respectively). Finally, cavitation at the inner

order zone tended to be worse from day 3 ( Fig. 8 h). 

. Discussion 

We have demonstrated the use of FWET 2 for the characterisation

f the spatiotemporal evolution of ischaemic tissue from the acute to

he late subacute phases of MCAo stroke animal models compared to

onventional DTI and T 2 -relaxometry (DTIT 2 ). Furthermore, we have

elated the spatiotemporal evolution of several histopathological fea-

ures with the corresponding free water fraction. In the following, we

hall first briefly address the validity of FWET 2 for modelling the DW

nd T 2 W MRI signal in rat brain tissue and the experimental setup used

n this work. In the second part, we shall discuss the results obtained

sing FWET and the biophysical interpretations. Finally, we consider
2 
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Fig. 7. Time course of the histopathological 

changes at the inner and outer border zones 

and at the core area of the cortical lesion. (a–

d) H&E stains: normal tissue appearance from 

non-stroke (a); vacuolation of neuronal cell 

(left-hand side inset and green arrow heads, 

b) and vacuolation of the neuropil (right-hand 

side inset and green arrows, b) abundant in the 

lesion on day 1; perivascular oedema (blue ar- 

rows, b and c) shown on day 1 and increased 

on day 3; cavitative lesion at the inner bor- 

der zone (c) shown on day 3 and empty cystic- 

like cavitative structures (asterisks, d) shown 

on day 10; cerebral subleptomeningeal oedema 

(black arrows, c and d) detected on day 3; 

liquefactive necrosis (red arrows, d) particu- 

larly at the outer border zone on day 10. (e–h) 

Iba-1 staining: inactive, ramified Iba-1( + ) mi- 

croglia/macrophages with a complex network 

of processes for non-stroke (inset, e); activated, 

amoeboid Iba-1( + ) cells with a round cell body, 

and relatively few and short processes shown 

on day 1 (inset, f); activated, rounded Iba-1( + ) 
cells with no processes (inset, g) and infiltrated 

into both border zones on day 3 (magenta ar- 

rows, g) and accumulated in the lesion on day 

10 (magenta arrows, h). (i–l) GFAP staining: 

resting GFAP( + ) astrocytes (inset, i) from non- 

stroke; reactive GFAP( + ) astrocytes with mod- 

erate enlargement in cell body and processes 

(inset, j) on day 1; reactive GFAP( + ) astrocytes 

with severe cell body enlargement and a signif- 

icant reduction in processes (inset, k) on day 3; 

few enhanced GFAP( + ) astrocytes with promi- 

nent processes shown at the inner border zone 

(adjacent to white matter) on day 3 (k); abun- 

dant reactive GFAP( + ) astrocytes, which ap- 

pear to be enlarged with prominent processes 

(inset, l) accumulated and empty cystic like 

cavitative structures (asterisks, l) surrounded 

by reactive GFAP( + ) astrocytes (yellow arrow, 

l) on day 10. The highly magnified images are 

representative from Fig. 6 . Scale bars represent 

100 μm and 10 μm for subfigures and insets, 

respectively. 
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he prospective added value of FWET 2 for clinical practice and its limi-

ations. 

.1. Experimental setup and model validation 

In order to set the experimental protocol, some considerations were

ade partly based on the work by Collier et al. (2017) . Collier et al.

howed that, for similar biological conditions, the elements of the

ramér-Rao lower-bound (CRLB) matrix of the FWET 2 estimation prob-

em are significantly reduced in the range TE ∼ 70–120 ms, but tend to

ecrease asymptotically for TE greater than 130 ms. In contrast, increas-

ng TE leads to a reduction of the SNR values, especially for DW images

 Fig 1 a). Thus, since an exhaustive optimisation of the experimental pro-

ocol for FWET 2 was beyond the scope of this work, a maximum TE of

30 ms was used as a compromise between a sufficient reduction of the

RLB matrix elements and high enough SNR values. 
10 
In terms of the validity of the FWET 2 model, we have demonstrated

hat FWET 2 has lower residual values, and this is particularly evident

t lower b- values. This is in agreement with the fact that the signal in

ree water attenuates more quickly with increasing b -values than in tis-

ue, and therefore lower b -values are more sensitive to faster diffusing

olecules. Furthermore, with the exception of some voxels randomly

istributed over the slice, the AIC analysis showed that FWET 2 could

escribe the data statistically better than DTIT 2 for most parts of the

rain, where the SNR values are above ∼5. That is to say, the brain

arenchyma is indeed likely to contain a free water compartment. For

ow SNR voxels, the multi-compartment nature of FWET 2 makes the

arameter estimation problem prone to instabilities ( Bergmann et al.,

020 ; Hoy et al., 2014 ; Jelescu et al., 2016 ). Conversely, the DTIT 2 esti-

ation problem can be linearised, and, therefore, its parameters of inter-

st can be robustly estimated, even at low SNR values, using a weighted

inear minimisation ( Eq. (3) ) ( Veraart et al., 2013 ). Consequently, AIC
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Fig. 8. Temporal evolution of ⟨𝑓 w ⟩ related to tissue histopathological damage scores. Three examined sub-regions of the ischaemic cortical lesion were delineated by 

their distance to the cortical surface (a). An increase of ⟨𝑓 w ⟩ at the outer border zone (b) mainly relates to the increase of cerebral subleptomeningeal oedema (c) and 

liquefactive necrosis (d) with time, whereas the increased ⟨𝑓 w ⟩ at the inner border zone (b) matches the temporal changes of the cavitation damage level (h). On the 

contrary, the temporal change of ⟨𝑓 w ⟩ at the core was affected by multiple histopathological features, including liquefactive necrosis (d), perivascular oedema (e), 

and neuronal cell and neuropil vacuolation (f and g, respectively). Error bars denote SEM. EC, external capsule; LV, lateral ventricle; d, day(s) after occlusion; non-, 

non-stroke. Symbols definition: ∗ , significantly different from non-; #, significantly different from 1d; † , significant difference between outer and core; ‡ , significant 

difference between inner and core. 
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alues in very low SNR regions (far from the receive coil) must be con-

idered cautiously. 

.2. Spatiotemporal evolution of DTIT 2 vs FWET 2 parameters 

FWET 2 assumes that the DW and T 2 W MRI signal is generated from

wo compartments, namely free fluid (of relative size 𝑓 w ) and tissue.

he presence of a fraction, 𝑓 w , of free fluid within the voxel of interest

nduces a positive bias in the conventional mean diffusivity, MD , and

ransverse relaxation time, 𝑇 2 , compared to the tissue-specific counter-

arts, M D t and 𝑇 2 , t . The larger the 𝑓 w , the larger the bias. The maps in

ig. 2 demonstrate that M D t and 𝑇 2 , t have a temporal evolution qual-

tatively comparable to their conventional counterparts, yet the con-

itions MD ≥ M D t and 𝑇 2 ≥ 𝑇 2 , t were encountered at all times, which

s in agreement with the presence of a free water compartment. How-

ver, the heterogeneity analysis of the corresponding maps ( Fig. 4 e-h)

evealed that M D t and 𝑇 2 , t in the cortex were more homogeneous than

he conventional counterpart. This suggests that the previously observed

eterogeneity in the conventional MD and 𝑇 2 ( Asato et al., 1991 ; S. P.

in et al., 2002 ; T. N. Lin et al., 2002 ; Wegener et al., 2006 ) can, in part,

e accounted for by the presence of the heterogeneously distributed free

ater fraction. 

.3. Biophysical interpretation 

We demonstrated that FWET 2 parameters (in particular 𝑓 w ) offer

aluable information for the biophysical characterisation of ischaemic

issue using MRI. In the early acute stage ( ∼1 day), 𝑓 w was shown to ho-

ogeneously increase in the whole ischaemic area ( Figs. 2 d, 4 d,h and

 ). In turn, this increment resulted in a slight reduction of M D t and 𝑇 2 , t 
ompared to their conventional counterparts ( Figs. 2 a,c and 4 a,c), yet

 D t and 𝑇 2 , t differed from the contralateral values. The latter is in line

ith the current understanding of the biophysical processes occurring in

his phase of stroke, namely cellular swelling ( Knight et al., 1991 ) and

eurite beading ( Budde and Frank, 2010 ) as a consequence of the ex-

ended cytotoxic oedema (decrease in M D t ) and the increase in the total
11 
ater content (increase in 𝑇 2 , t ) as a consequence of vasogenic oedema,

hich initially coexists with cytotoxic oedema ( Kamman et al., 1988 ;

night et al., 1991 ; T. N. Lin et al., 2002 ; Matsumoto et al., 1995 ). Our

&E histology results further demonstrate that the increase in 𝑓 w at

he core during the early acute stage is mainly linked to the develop-

ent of three features ( Fig. 8 e–g), namely (i) neuronal cell vacuolation

ith vacuoles sizes ranging from 10 to 25 μm, (ii) neuropil vacuolation

ith vacuoles sizes lying in the range 5 to 25 μm and (iii) perivascular

edema (to a lesser extend), with the perivascular sizes ranging from

0 to 200 μm ( Fig. 7 b). These fluid-filled compartments are generally

arger than the root mean square displacement for free water in our ex-

eriments ( ∼8 μm), leading to the increase in 𝑓 w . However, the fact that

 2 , t in the ipsilateral cortex remains larger than that in the contralateral

ide indicates that the increment in 𝑓 w cannot be the only explanation

or the increase in conventional 𝑇 2 . The GFAP immunohistochemistry

aken on day 1 after stroke showed the presence of swollen astrocytes

n the lesion, which typically denote intracellular swelling ( Fig. 7 j), thus

uggesting that the remaining increase in conventional 𝑇 2 might be due

o the increase in the size of the intracellular space, which is consistent

ith cytotoxic oedema. This also agrees with the fact that M D t in the

psilateral cortex was found to be lower than that in the contralateral

ide on day 1 after stroke. 

Starting on day 3 after MCAo, FWET 2 maps (in particular 𝑓 w ) showed

 highly heterogeneous temporal evolution, which we have divided into

hree regions. The core region, where FWET 2 maps progressively ap-

roach the contralateral side values and the outer and inner border

ones, where 𝑓 w increases with time ( Figs. 2 d and 5 ). This spatial or-

anisation was found to be strikingly similar to the earlier observa-

ions for conventional MD ( Hui et al., 2012 ; T. N. Lin et al., 2002 ) and

 2 ( S. P. Lin et al., 2002 ; T. N. Lin et al., 2002 ; Wagner et al., 2012 ). 

The steady normalisation of 𝑓 w at the core region starting from 3

ays after stroke is in line with the observed reduction of the neuronal

ell and neuropil vacuolation in the core ( Fig. 8 f,g). However, a peak in

he perivascular oedema was seen on day 3, with a further reduction on

ay 10 ( Fig. 8 e). This implies that this mechanism might also play a role

n the increase in 𝑓 in the core area. The decrease in 𝑓 resulted in a
w w 
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eduction in the difference between M D t and 𝑇 2 , t and their conventional

ounterparts. Our histopathology results show that the progressive evo-

ution of M D t and 𝑇 2 , t towards contralateral values at the core may be

artly attributable to the development of liquefactive necrosis ( Fig. 8 d),

hich appears to be decoupled from the behaviour of 𝑓 w . Liquefactive

ecrosis reduces the number of barriers impeding diffusion, thereby in-

reasing M D t ( Carano et al., 2000 ; Helpern et al., 1993 ; Jiang et al.,

997 ; Matsumoto et al., 1995 ), while also reducing 𝑇 2 , t , via an incre-

ent in the amount of binding of water protons to degraded macro-

olecules ( Wagner et al., 2012 ). Another mechanism observed in this

ork potentially leading to the normalisation of 𝑇 2 , t is the resolution of

erivascular oedema ( Fig. 8 e), as previously suggested in the literature

 S. P. Lin et al., 2002 ; T. N. Lin et al., 2002 ; Wagner et al., 2012 ). 

The inner and outer border zones showed a different behaviour com-

ared to the core area, starting 3 days after stroke. The inner border zone

as characterised by a steady increase in 𝑓 w until day 4, a drop was ob-

erved towards day 7, and a further rise was seen on day 10 ( Figs. 2 and

 ). Moreover, the elevated 𝑓 w was not the only cause for the elevated

onventional MD and 𝑇 2 in this area. Our histopathology results suggest

hat the early increase in 𝑓 w at the inner border zone (on day 3) may

e dominated by the development of perivascular oedema ( Fig. 8 e), a

ess prominent contribution from neuronal cell and neuropil vacuola-

ion ( Fig. 8 f,g) and, to a lesser extent, the early signs of tissue cavitation

 Fig. 8 h). On the other hand, the dominant factor for the later increase

n 𝑓 w on day 10 appears to be the tissue cavitation and the formation of

uid-filled cysts, with typical sizes (50–250 μm) well beyond the mean

ater displacement in our experiments ( ∼8 μm). 

Conversely, the outer border zone was characterised by a steady in-

rease in 𝑓 w ( Figs. 2 and 5 ). Note that, as opposed to the inner border

one, the tissue-specific parameters M D t and 𝑇 2 , t at the outer border

one showed similar values to those at the core. The histopathology

esults demonstrate that the dominant factors driving the increase in

 w were the cerebral subleptomeningeal oedema ( Fig. 8 c), liquefactive

ecrosis ( Fig. 8 d), perivascular oedema ( Fig. 8 e) and, at early stages and

o a lesser extent, neuronal cell and neuropil vacuolation ( Fig. 8 f,g). 

Having accounted for the presence of a free water compartment with

haracteristic 𝐷 w and 𝑇 2 , w , we still observed elevated values for M D t in

he inner border zone and 𝑇 2 , t in both the inner border zone and the

schaemic core. A likely explanation for this is that the free water com-

artment might not be simply characterised by a single 𝑇 2 , w , but rather a

istribution of transverse relaxation times. This assumption is also sup-

orted by the observed positive correlation in the scatter plots of 𝑇 2 , t 
ersus 𝑓 w seen in Fig. 3 and Table 1 (ipsi abn). A complete account

or the effect of 𝑓 w on tissue-specific relaxation time should leave 𝑇 2 , t 
ncorrelated with 𝑓 w (e.g. the tail of points highlighted by the green

rrows in Fig. 3 ). Besides these factors, additional mechanisms within

he tissue-specific compartment could also be involved in this observa-

ion. Thus, the use of other more complex models able to account for

he intra- and extra-cellular spaces ( Veraart et al., 2017 ), in combina-

ion with the free water compartment, could further help to elucidate

he biophysical mechanisms involved in the latter observations. 

One of the assumptions of the FWET 2 model is that water exchange

etween compartments is negligible. An increase in the amount of ex-

hange causes an increase in MD and a decrease in FA from conventional

TI. In the case of FWE models, the exchange is expected to induce a

ias in the estimation of 𝑓 w and, therefore, in the tissue-specific diffusion

ensor parameters ( Pasternak et al., 2009 ). A similar situation would be

bserved in the case of the transverse relaxation time. Although water

xchange has been extensively studied in the field of NMR in porous me-

ia ( Eriksson et al., 2017 ; Kärger et al., 1988 ), open questions remain in

elation to the exchange rate in the in vivo brain and its effect on the DW

nd T 2 -relaxometry MRI metrics ( Fieremans et al., 2010 ; Grinberg et al.,

011b ; Lasi č et al., 2011 ; Nilsson et al., 2013a , 2013b ; Pasternak et al.,

009 ). 
P  

12 
.4. Clinical implications 

Notwithstanding the fact that the experimental protocol used in this

ork impedes a direct application of FWET 2 in clinical practice due to its

xtended acquisition time, we recognise that optimisation approaches

uch as those based on the minimisation of the CRLB values of the

arameters of interest could be utilised to reduce the acquisition time

 Collier et al., 2017 ; Gras et al., 2017 ; Poot et al., 2010 ). 

One of the most direct clinical implications of our results relates to

 better understanding of the biophysical processes leading to the so-

alled “T 2 -fogging ” effect described by Asato et al. (1991) in the context

f stroke assessment via conventional T 2 W imaging. By means of the

nalysis of ROI heterogeneity ( Fig. 4 e–h), we showed that part of the

ogging effect in T 2 , i.e. the pseudo normalisation of conventional T 2 
alues (and also in MD) could be accounted for by the 𝑓 w maps. 

Another field in which 𝑓 w is expected to add significant value is the

ultiparametric-based segmentation approaches of brain areas affected

y stroke, such as the MRI signatures proposed by Jiang et al. (1997) or

he unsupervised ISODATA ( Jacobs et al., 2000 ). These works are based

n the simultaneous use of conventional DTI and T 2 -relaxometry maps

or the corresponding weighted images). It is expected that prior quan-

itative knowledge of the extent to which a given contrast observed in

onventional metrics (or images) is due to the presence of free fluid

ill give valuable information for the tissue segmentation. In this re-

ard, an intrinsic advantage of FWET 2 compared to conventional DTI

nd T 2 -relaxometry methods is related to the fact that both modality-

elated maps lay in the same image space. Hence, the need for registra-

ion approaches between modalities is unnecessary, avoiding possible

mage mismatches. Given the importance of the aforementioned multi-

arametric tissue segmentation approaches, the added value of FWET 2 

ecomes evident. 

. Limitations 

Although the use of surface coils has the advantage of delivering

igher SNR values compared to volume coils, it represents a serious

rawback for the estimation of the total water content ( Abbas et al.,

014 ). This is due to the highly spatially inhomogeneous B 1 field, which

as hindered the estimation of the water content in our work. 

In order to reduce Gibbs-ringing artefacts, the total variation method

 Perrone et al., 2015 ) has been used. However, although this approach

as been shown to reduce the latter effect, it additionally induces un-

anted smoothing of the parameter maps, and other more accurate ap-

roaches such as ( Kellner et al., 2016 ) may be desirable for the study of

OI heterogeneity. 

Another limitation of this work refers to the fact that 𝐷 w and 𝑇 2 , w 
re fixed using literature values. Although the values of 𝐷 w and 𝑇 2 , w are

elatively well documented, there are numerous factors that can alter

heir values, e.g. body temperature, the concentration of proteins and

ther macromolecules, etc. Thus, an ideal experimental design should

nclude the possibility of evaluating 𝐷 w and 𝑇 2 , w from the experimental

ata, either by placing a ROI where only free fluid is expected or by

sing higher 𝑇 E values, where only the signal from free fluid survives.

n line with this, another limitation is the assignment of 𝐷 w and 𝑇 2 , w to

he same physical compartment. Given that transverse relaxation time

s sensitive to the accumulation of proteins and other macromolecules,

he assumption made in this work might be an oversimplification. 

. Conclusions 

We assessed the benefits and limitations of using the FWET 2 model

or the investigation of the spatiotemporal evolution of ischaemic stroke

n the MCAo stroke rat model from the acute to the late subacute phases.

arallel to the tissue-specific mean diffusivity, fractional anisotropy and
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ransverse relaxation time, we considered the behaviour of the conven-

ional counterparts provided by DTI and T 2 -relaxometry. The differ-

nt biophysical mechanisms discussed in the literature were discussed

ithin the framework of the FWET 2 model, using the histopathology

esults as supporting information. 

We demonstrated that the quantification of the free water fraction

sing FWET 2 enables the extent of the observed changes in conventional

etrics due to the presence of free water in the ischaemic tissue to be

etermined. We showed that the early increase in conventional 𝑇 2 nor-

ally attributed to vasogenic oedema within the ischaemic area can be

artially accounted for by an increment in the fraction of free water,

 w . Furthermore, the normalisation of conventional MD and 𝑇 2 at the

schaemic core, demonstrated by other works to be due to the resolu-

ion of brain oedema and the increased of non-bound water, supports

he normalisation of 𝑓 w seen in our work. Finally, the later increase in

onventional MD and 𝑇 2 in the inner and outer border zones between

he ischaemic core, previously demonstrated to be due to the formation

f fluid-filled cysts, converges with our observation that 𝑓 w was highly

levated in these regions. That is to say, we demonstrated that 𝑓 w is

nitially sensitive to the pathological changes linked to the evolution of

asogenic oedema in the ischaemic core, whereas in the late subacute

hase, 𝑓 w can reflect the presence of fluid-filled cysts. 
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