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Abstract : 

Purpose: i) To characterize the nature of cerebral edema in a rat model of diffuse traumatic 

brain injury (TBI) using parametric response map (PRM) approach compared to classical 

averaged apparent diffusion coefficient (ADC) analysis; ii) to see whether early acquisition of 

PRM could predict the short-term evolution toward vasogenic or cellular edema after trauma. 

Materials and Methods: Eighteen rats subjected to diffuse TBI (TBI group) were compared to 

7 sham-operated rats (control group). Diffusion-weighted acquisitions were acquired before 

(H.ref) and immediately after the insult (H0), and at 60 min (H1) and 120 min (H2) later. Mean 

ADC values and PRM analysis were performed in two regions of interest (ROI): cortex (cortical 

ROI) and whole brain (Brain ROI). The diagnostic performance of PRM acquired at H0 to predict 

the nature of brain edema at H2 was assessed using the area under the receiver-operating 

characteristic curve (AUC-ROC). 

Results: Compared to the sham-operated group, TBI group had posttraumatic edema in the 

cortex ROI using ADC analysis (p=0.04). No difference was found between the two groups 

where considered the brain ROI (p=0.32 versus sham-operated). PRM approach could detect 

the presence of posttraumatic edema even in the brain ROI (p<0.01 versus sham-operated). 

In addition, early PRM analysis could predict the evolution toward vasogenic or cellular edema 

at H2 (specificity 100%, sensitivity 89%). 

Conclusion: These findings indicate that PRM approach might be more accurate than ADC 

analysis to identify post-traumatic brain edema. A better knowledge of the nature of brain 

edema after TBI may help physician to personalize the patient management.  
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univocal. Focal TBI models with cortical cryogenic lesion induced vasogenic edema whereas 

controlled cortical impact models obtained prominent cellular edema within the core lesion 

and vasogenic edema in the surrounding area (7,8). Following diffuse TBI induced by a weight-

drop model, bi-modal evolution course of ADC values was found with an initial increasing of 

ADC followed by an ADC decrease (3). Other authors found, however, global decrease of ADC 

in this model (9). Collectively, these results suggest that applying a uniform ADC value may 

blunt the tissue heterogeneity in brain edema following different TBI models.   

The ADC heterogeneity in brain has been addressed recently in tumor studies. A 

functional diffusion map approach evaluated the ADC modifications over time on a voxel-wise 

basis in brain cancer patients (10). That study showed that a voxel-based approach was 

associated with the subsequent evolution of the tumor, i.e., early changes in tumor ADC values 

could be used as a prognostic indicator of subsequent volumetric tumor response, whereas 

averaged ADC values in brain tissue had no predictive value (10). Galbán et al. generalized this 

voxel-based quantification to perfusion MRI and successfully predicted the survival of patients 

with brain cancer (11). This voxel-based image analysis technique, i.e., the parametric 

response map (PRM), could be more accurate to assess the heterogeneity of cerebral edema 

than averaged ADC values after brain insult. Our intent was to implement PRM approach in a 

rodent model of diffuse TBI and to see whether this approach could detect the two 

components of the post-traumatic cerebral edema. The aims of this study were to characterize 

cerebral edema in a rat model of traumatic brain injury with the PRM approach compared to 

classical ADC analysis; and to see whether early ADC values obtained with PRM could predict 

vasogenic or cellular cerebral edema two hours after the trauma. 
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The PRM approach was conducted as follows. First, we calculated the threshold that 

designated a significant change in ADC within the voxel for each animal. To determine this 

threshold, we performed two linear least squares regression analyses between ADC values 

obtained at the reference time point (H.ref) and at each of the two following time points H1 

and H2 for each Sham operated animal. The mean threshold and its 95% confidence interval 

were then determined from these 14 linear regression lines. Second, PRM analysis was applied 

to each TBI rat using this threshold. We computed pixel-wise the ADC differences between 

the reference time and H0, H1 or H2. If these intra-voxel ADC differences were comprised 

within the threshold value as defined above, the voxel was considered as stable and was 

labeled green (PRM0). Voxels where ADC differences exceeded that threshold were labeled 

red (PRM+). Conversely, voxels where ADC differences were lower than threshold were 

labeled blue (PRM-). Results were expressed as the percentage of green, red and blue voxels 

within the brain ROI. Therefore, three PRM maps over time for the TBI group were obtained: 

between H.ref and H0 (TBIPRM-H0), between H.ref and H1 (TBIPRM-H1) and between H.ref and H2 

(TBIPRM-H2). Two PRM maps over time for the Sham group were obtained: between H.ref and 

H1 (ShamPRM-H1) and between H.ref and H2 (Sham PRM-H2). 

 

Statistical analyses 

Data are expressed as mean±SD. Analysis for statistical significance of temporal 

changes was performed with one-way analysis of variance for repeated measurements (time 

x groups). Each value was compared with that obtained at the reference time (H.ref) using the 

Tukey test as a post-hoc test (intragroup analysis). Intergroup analysis was performed using 

the non-parametric Mann-Whitney test as a post hoc test. (Prism, Graphpad Software Inc., La 
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Jolla, CA, USA). To assess the accuracy value of early PRM analysis in detecting vasogenic or 

cytotoxic edema at H2, we used Receiver-Operating Characteristic (ROC) analysis. Areas under 

the ROC curve (AUC) for all PRM parameters were compared by use of a test for dependent 

ROC curves (Xlstat, Addinsoft SARL, New York, NY, USA). 

 

Results 

Physiological data 

Physiological data including weight, mean arterial pressure, pH and PaCO2 were not 

significantly different between the two groups at H.ref except for PaO2 (Table 1). 

 

Classical analysis of ADC 

 Using the averaged ADC approach, there were no significant ADC changes over time 

for each group of rats in the Cortex- and Brain- ROI (intragroup analysis). Mean ADC values in 

the two groups were significantly different in Cortex-ROI at H2 with a mean ADC value lower 

in the TBI group at H2: 715±102 µm²/sec vs. 781±42 µm²/sec for the Sham group (p=0.04; Fig. 

1a). For the Brain-ROI, mean ADC values were comparable between the two groups at H2 

(748±114 µm²/sec for the TBI group vs. 801±49 µm²/sec for the Sham group p=0.32; Fig. 1b). 

Except for the ROI-Cortex at H2, mean ADC values were comparable between the TBI and the 

Sham group for all ROI and all times. 
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PRM analysis of ADC 

Using PRM approach, we first performed PRM analysis in the Sham group to assess the 

threshold below which 95% of the voxels are considered as stable (PRM0 definition).This 

threshold was set at 100 µm²/sec since the proportion of voxels with ADC variation lower than 

100 µm2/sec was 95±3% for ShamPRM-H1 and 95±2% for ShamPRM-H2. Performing PRM in the 

TBI-group using the same threshold, we found visual differences in the nature of brain edema 

after TBI including voxels with cellular edema (PRM-, Fig2a),vasogenic edema (PRM+)(Fig.2b), 

mixed pattern of vasogenic and cellular edema (Fig.2c) or no edema (PRM0) (. The TBI group 

had a lower proportion of voxels with unchanged ADC values than Sham group: TBIPRM-H1 vs. 

Sham PRM H-1 (PRM0: 75±15% vs. 95±3%, p<0.001; Fig. 3) and TBIPRM-H2 vs. ShamPRM-H2 (PRM0: 

76% ±23 vs. 95% ±2, p=0.015; Fig. 3) demonstrating the development of post-traumatic 

edema. This analysis also showed that cerebral edema could be composed of both PRM+ and 

PRM- voxels, suggesting that the two types of edema may coexist within the same animal.  

To further characterize the development of edema in the TBI group, TBI animals were 

assigned to one of the two following subgroups according to the evolution of their mean ADC 

value between H.ref and H2 in the Brain-ROI: 1) animals presenting an increase of ADC were 

assigned to the vasogenic edema subgroup, and 2) animals presenting a decrease of ADC to 

the cytotoxic edema subgroup. Using this approach, 11 rats were assigned to the vasogenic 

edema subgroup, and 7 rats to the cytotoxic edema subgroup. As expected, an intra group 

analysis revealed a significant change in ADC value within the vasogenic edema subgroup 

(p=0.0014) with increased ADC values at H0, H1 and H2 compared to H.ref (H.ref vs H0: Mean 

difference= -31.1 µm²/sec, q=3.9, 95%CI: [-61.1,-1.26] µm²/sec; H.ref vs H1: Mean difference= 

-45.7 µm²/sec, q=5.8, 95%CI: [-75.7, -15.8] µm²/sec. H.ref vs. H2: Mean difference= -35.7 



19 
 

µm²/sec, q=4.5, 95%CI: [-65.7, -5.8] µm²/sec) but not in the cytotoxic subgroup (p=0.2). The 

evolution over time of the mean ADC value differed between the two subgroups, in line with 

the subgroup definition, (p<0.01; Fig. 4) with a mean ADC at H2 lower in the cytotoxic edema 

subgroup than in the vasogenic edema subgroup (vasogenic subgroup: 802.7±33.3 µm²/sec, 

95%CI: [780.4, 825.1] µm²/sec, cytotoxic subgroup: 694.3±135.7 µm²/sec, 95%CI: [551.9, 

836.6] µm²/sec, p<0.01; Fig. 4). We then performed PRM analysis on these two subgroups. 

PRM- and PRM+ voxels were found in each subgroup. The vasogenic edema subgroup 

presented less than 5% PRM- voxels and a sustained more than 15% of PRM+ voxels across 

the experiment. Conversely, the cytotoxic edema subgroup presented a sustained proportion 

of more than 25% of PRM- voxels with less than 8% of PRM+ voxels (Fig. 5). Evolutions of PRM- 

and PRM+ voxels were also significantly different between the two subgroups (p<0.01 and 

p<0.01; Fig. 5).  Evolutions of PRM- and PRM+ voxels were also significantly different between 

the two subgroups (p<0.01 and p<0.01; Fig. 5).  

 

PRM analysis of early ADC maps as biomarker of late cerebral edema 

Since vasogenic and cytotoxic cerebral edemas were induced by our TBI model, we 

evaluated whether early PRM approach at H0 predicted the type of cerebral edema at H2 in 

the all the animals of the TBI-group. The ROC analysis showed that the proportion of PRM+ 

voxels at H0 has an excellent accuracy to predict the type of edema at H2 (AUC=0.991, 95% 

CI: [0.991, 0.991], Fig.6). The threshold to predict vasogenic edema was set at 5% of PRM+ 

voxels at H0 with a specificity of 100%, a sensibility of 88.9%, a positive predictive value of 

100% and a negative predictive value of 85.7%. The ROC analysis also indicated that the 
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in ADC only in very specific areas. In addition, ADC values in the cortex at H2 exhibited high 

standard deviations, suggesting an inter-subject heterogeneity in the development of edema, 

as previously reported in the literature with this model (3,5). Conversely, the PRM analysis 

was able to describe the development of cerebral edema in large ROI after diffuse TBI. It also 

showed that these large ROI contained areas with decreasing ADC and areas with increasing 

ADC. The presence of two types of ADC variations within the same ROI suggests that the mean 

ADC approach, which averages out positive and negative ADC changes, may have led to 

misleading conclusions. Moreover, the mean-value approach is limited to one quantitative 

estimate (the mean ADC in this case) whereas PRM may also measure the proportion of voxels 

whose ADC values varies above a predefined threshold. 

It was a surprise for us to find almost no difference between the TBI and the Sham 

animals when comparing mean ADC values across a whole brain ROI. The results of the PRM 

analysis may explain this absence of difference. In fact, only 15% voxels exhibited ADC changes 

during the experiment in the TBI group at H2. With a mean-value approach across the entire 

ROI, significant modifications of ADC in a small proportion of voxels could be hidden by a high 

proportion of stable voxels (partial volume effect). Our results also show the post traumatic 

edema is not restricted to one type of edema but that mixed pattern of vasogenic and cellular 

edemas are generally observed. Mixed edema patterns further reduce the ability of a mean 

ADC estimate to detect the presence of edema. Our results further suggest that post traumatic 

edema is not restricted to specific brain areas usually chosen for ROI like cortex or striatum, 

but could be spread throughout the whole brain (Fig.2). We also observed some animals with 

a unilateral lesion (Fig.2.a) and some with a bilateral lesion (Fig.2.b). The focus on specific ROI 

could therefore lead to misinterpretations eluding the complexity of post-traumatic cerebral 

edema.  
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Figures 
 

Fig.1. Time course evolution of averaged ADC values in two regions of interest: cortex (a) 
and whole brain (b) in TBI and sham rats (* P <0.05 versus TBI rats). Data are expressed as 
mean ± SD. 
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Fig.2. PRM analysis suggests edematous process and reveals different patterns. Three 
different animals are represented: a) PRM- pattern, b) PRM+ pattern, c) Mixed pattern. The 
PRM analysis was performed at H1. Displayed images correspond to the PRM color-coded 
ROI (PRM0 voxels in green, PRM+ voxels in red, PRM- voxels in blue) superimposed onto the 
ADC map. For each image, the representative scatter plot showing the distribution of ADC at 
H.ref (horizontal axis) compared with H1 (vertical axis). 
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Fig. 3. Qualitative representation of PRM voxels in TBI (a) and Sham (b) rats. Proportion of 
PRM0 voxels is significantly lower at H1 and H2 in TBI group (p<0.05). Edema is composed of 
vasogenic and cellular pattern all along the time. PRM0 voxels = green, PRM+ voxels = red, 
PRM- voxels = blue. 
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Fig.4. Evolution of mean ADC value within Brain-ROI in the Cellular subgroup (black) and 

Vasogenic subgroup (grey).  ADC values was lower in the Cellular subgroup at H2 (* p<0.01). 
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Fig.5. Qualitative representations of PRM voxels in the vasogenic subgroup (a) and cellular 

subgroup (b).  
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Fig.6. ROC curves evaluating the accuracy to predict evolution toward vasogenic edema 

subgroup of Proportion of PRM+ Voxels (black curve); and Proportion of PRM- Voxels (grey 

curve) monitored with the TBIPRM-H0 map. 

 

  
















