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Abstract

Background—Apparent diffusion coefficient (ADC) imaging is a biomarker of cytotoxic injury 

that predicts edema formation and outcome after ischemic stroke. It therefore has the potential to 

serve as a “tissue clock” to describe the extent of ischemic injury and potentially predict response 

to therapy. The goal of this study was to determine the relationship between baseline ADC signal 

intensity, revascularization and edema formation.

Methods—We examined the ADC signal intensity ratio (ADCr) of the stroke lesion (defined as 

the baseline DWI hyperintense region) compared to the contralateral normal hemisphere in 65 

subjects from the Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy 

(MR RESCUE) trial. The associations between ADCr, neurologic outcome and cerebral edema 

were examined. Finally, we explored the interaction between baseline ADCr and vessel 

recanalization at day 7 on post-stroke edema.

Results—We found that lower initial ADCr was associated with worse outcome on the modified 

Rankin scale at 90 days (52.2% of those with ADCr < 64% were mRS 5–6 vs 19.1% with ADCr ≥ 

64%, p = 0.006). Those subjects with reconstitution of flow distal to the initial vessel occlusion 

showed greater normalization of ADCr on follow up scan (increase in ADCr of 16.4±2.07% vs. 

1.99±4.33%, p = 0.0039). In those patients with low baseline ADCr, successful revascularization 
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was associated with reduced edema (median swelling volume 164ml [IQR 53.3–190ml] vs 20.7ml 

[IQR 3.20–55.1ml], p = 0.024).

Conclusions—This study reaffirms the association of ADCr with outcome after stroke, supports 

the idea that reperfusion may attenuate rather than enhance post-stroke edema, and indicates that 

the degree of edema with and without revascularization may be predicted by ADCr.
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Introduction

Current guideline-endorsed treatment strategies for acute ischemic stroke are focused on 

rapid reperfusion – either the first 4.5 hours for intravenous tissue plasminogen activator[1–

5], or within 6 hours for endovascular clot retrieval[6–11]. While current guidelines rely on 

this time clock to determine treatment eligibility, it is likely that time merely serves as an 

inexact surrogate for progression of underlying pathology at a variable pace across 

patients[12,13]. Implementing a “tissue clock” may improve the selection of patients, 

enhancing safety and extending treatment to those who might not otherwise be eligible.

Apparent diffusion coefficient (ADC) imaging is a biomarker of cytotoxic injury that has the 

potential to serve as a “tissue clock” for ischemic damage. ADC signal intensity correlates 

with degree of lactate production and histologic evidence of tissue injury in animal 

models[14]. ADC signal similarly correlates with cerebral metabolic rate of oxygen 

(CMRO2) in animal models[15,16], where ADC values above 80% of baseline were 

associated with normalization following reperfusion. Case series in humans have found the 

relationship between ADC and oxygen metabolism to be less direct, except at very low 

levels of ADC[17,18]. Relative ADC signal intensity during MCAO in rats can be used to 

predict final infarct volume following reperfusion[19]. We have previously shown that the 

ratio of ADC signal in the region of stroke to the normal hemisphere (ADCr) on baseline 

MRI is predictive of edema formation[20] and outcome after ischemic stroke[21]. What is 

unknown, however, is the effect of revascularization on the evolution of ADC and the ability 

of ADC to predict edema and outcome in the setting of vessel recanalization. The goal of 

this study is to understand the interaction between initial cytotoxic injury, revascularization 

and post-stroke edema formation.

Methods

Patients

The Mechanical Retrieval and Recanalization of Stroke Clots Using Embolectomy (MR 

RESCUE) trial was a phase 2b randomized, controlled, open-label/blinded outcome trial 

conducted at 22 centers in North America between 2004 and 2011[22]. Patients were 

enrolled who were between 18 and 85 years-old and presented within 8 hours of last seen 

well with a large vessel, anterior circulation stroke and National Institutes of Health Stroke 

Scale (NIHSS) score of 6 to 29. Patients underwent pretreatment imaging with multimodal 
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CT or MRI to identify the presence of a penumbral pattern with a small infarct core and 

large area of tissue at risk. Those patients with a penumbral pattern were randomized to 

receive either standard care or mechanical thrombectomy. Patients who received IV tPA 

were eligible for inclusion if CT or MR angiography demonstrated a persistent large vessel 

occlusion.

In total, 127 patients were randomized, of which 82 had acute and 7-day follow up MRI 

available for analysis in the current study (41 in each treatment arm). Baseline demographic 

data and past medical history were documented for all patients. Outcome data was available 

in the form of 90-day modified Rankin Scale score (mRS). All patients had revascularization 

assessed based on 7-day magnetic resonance angiography (MRA) or computed tomography 

angiography (CTA). As part of the initial trial analysis, revascularization on day 7 

MRA/CTA was scored in both the thrombectomy and non-thrombectom treatment arms 

according to the arterial occlusive lesion (AOL) score[23]. Scoring was defined as follows: 

0=no recanalization of the primary lesion, 1=incomplete or partial recanalization of the 

primary lesion with no distal flow, 2=incomplete or partial recanalization of the primary 

lesion with distal flow, and 3=complete recanalization of the primary lesion with distal flow.

ADC ratio calculation

Investigators (MBB, TWKB and ACO) blinded to clinical and laboratory data performed all 

image analysis. Patients were excluded who had bilateral infarcts or who had poor image 

quality (motion degradation) that limited accurate identification of the region of stroke. 

Region of interest analysis was performed using Analyze 11.0 or Analyze Pro (Biomedical 

Imaging Resource, Mayo Clinic, Rochester, MN) using our previously described 

methods[20]. Briefly, the hyper intense acute stroke lesion and the entire contralateral 

hemisphere were outlined on DWI using a semi-automated method. These image maps were 

then transferred to ADC images. CSF signal was identified and subtracted from the image 

maps. Volume and signal intensity was calculated for the stroke and contralateral 

hemisphere. ADCr was calculated by taking the ratio of signal intensity of the stroke over 

that of the entire contralateral hemisphere. Normalization to the contralateral hemisphere 

allows us to adjust for variation among individuals and technical variation between different 

scanner settings[24], including different B values used in the generation of diffusion 

sequences at different institutions. ADCr was calculated on both initial and follow up MRI, 

with delta ADCr = (follow up ADCr) − (baseline ADCr).

Swelling volume calculation

Swelling volume was determined using our previously described methods[20] as outlined in 

Figure 1. The hyper-intense lesion volume was determined on baseline and follow-up DWI, 

and the total stroke lesion expansion (ΔDWI) was defined as the change in DWI lesion 

between initial and follow up MRI. Baseline and follow-up B0 sequences were co-registered 

using the SPM module in Matlab with manual verification, with the same transformation 

then applied to the DWI and ADC sequences. Co-registered images were then compared 

side-by-side simultaneously in the axial, sagittal, and coronal planes using the Analyze 11.0 

3D Voxel Registration module. Areas of new regional diffusion abnormality were outlined 

by an expert rater on follow-up MRI and categorized as definite new infarction. Any areas of 
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hemorrhagic conversion were excluded. The swelling volume was calculated based on the 

relationship: Swelling volume = Total stroke lesion expansion volume − Definite new infarct 

volume. Any negative value for calculated swelling volume was assumed to be due to 

resolution of early edema between baseline and follow up imaging. All negative swelling 

volumes were assigned a value of zero for analysis.

Statistical analysis

Descriptive statistics of baseline variables were performed, reported as mean ± standard 

deviation (for normally distributed continuous data), median with interquartile range (for 

non-normal or ordinal data), and proportions (for binary data). The association between 

dichotomized ADCr and outcome was assessed using Fisher’s Exact Test. Comparison 

between recanalization status and change in ADCr was performed using ANOVA with 

Dunnett’s test for multiple comparisons using persistent occlusion as the control. The effect 

of dichotomized recanalization score on delta ADCr and follow up ADCr was assessed 

using a Student’s t-test. Comparisons between dichotomized ADCr, dichotomized AOL 

score, and swelling volume were performed using Wilcoxon rank sum tests. All statistical 

analyses were performed using JMP Pro 12.0 (SAS Institute, Cary, NC, USA).

Results

Study Cohort

Of the 82 subjects in MR RESCUE with baseline MRI available, 9 were excluded from the 

current study due to motion degradation or other artifact. A further 4 were excluded due to 

missing diffusion sequences. Four (4) subjects were excluded due to baseline ADC stroke 

volume of less than 5mL to limit any effects of volume averaging on signal intensity 

analysis. In total, 65 subjects were used for baseline ADCr analysis in this study. Of these, 3 

were excluded from follow up analysis due to the development of bilateral strokes and one 

subject was missing follow up ADC images. In total, 61 subjects had follow up MRI 

available for analysis. Clinical data for the 65 subjects included in the current study are 

summarized in Table 1. The two treatment arms were combined for analysis given the low 

rate of successful endovascular intervention in the original study with only 8 (24%) of the 33 

endovascular subjects in our study cohort achieving TICI 2b-3 recanalization at the time of 

angiography. Importantly, there was no significant difference in the rate of AOL 2–3 

recanalization on the day 7 MRA or CTA between treatment arms (90% in medical arm vs. 

73% in endovascular arm, p = 0.08).

ADCr is associated with outcome

Subjects were dichotomized based on an ADCr cutoff of 64%, which we previously found to 

be predictive of good (mRS 0–2) 90-day outcome with a sensitivity of 0.81 and specificity of 

0.53[21]. This cutoff represents the lowest tertile of ADCr measured in the current cohort. 

Those patients with baseline ADCr < 64% had worse outcome as demonstrated by a shift in 

mRS at 90 days (Figure 2, p = 0.028). Dichotomized ADCr was not predictive of good 

(mRS 0–2) vs poor (mRS 3–6) outcome in this cohort with relatively severe stroke (median 

90 day mRS 4 [IQR 3, 5]). However, those with baseline ADCr < 64% were more likely to 

be severely disabled or dead (mRS 5–6, 52.2% with ADCr < 64% vs 19.1% with ADCr ≥ 
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64%, p = 0.006). As a sensitivity analysis, we performed similar comparisons of outcome at 

different cut points for ADCr (Supplemental Figure 1). Worse outcome across the entire 

mRS scale was associated with ADCr below the 50th and 66th percentiles, in addition to the 

33rd percentile as described above. There was a greater likelihood of mRS 5–6 in those 

patients with ADCr below the 25th (67% vs 25% with ADCr above the 25th percentile, p = 

0.003), 33rd (52% vs 19%, p = 0.006) and 50th (48% vs 22%, p = 0.036) percentiles. Based 

on these results, and given that the 33rd percentile ADCr of 64% corresponded with the level 

identified in our prior work[21] as predictive of outcome, all further comparisons were 

carried out with an ADCr cut point of 64%.

Revascularization is associated with normalization of ADCr

There was a significant association between recanalization score and follow up ADCr 

(Figure 3, p = 0.008). Pairwise comparison using persistent occlusion as the control found 

that those patients with complete recanalization (AOL 3) had significantly greater delta 

ADCr (p = 0.0385). If AOL scores are dichotomized, those with restoration of distal flow 

(AOL 2–3) have significantly greater delta ADCr (16.4±2.07% vs. 1.99±4.33% for AOL 0–

1, p = 0.0039). There was no difference in baseline ADCr between those subjects that did 

and did not have recanalization at day 7 (67.8±2.3% for AOL 0–1 vs 67.4±1.1% for AOL 2–

3, p = 0.87). However, absolute follow up ADCr was higher in those with AOL 2–3 

(84.0±1.79% vs. 70.2±3.75% for AOL 0–1, p = 0.0015).

Revascularization limits swelling in patients with low baseline ADCr

There was a trend towards greater swelling volume in those patients with baseline ADCr < 

64%, who had a median swelling volume of 25ml (IQR 5.3–73ml) versus a median of 21 

(IQR 2.8–32ml) in those with ADCr ≥ 64%. This difference did not reach significance (p = 

0.19). Similarly, there was a trend towards greater swelling volume in those patients with 

AOL 0–1 (median 27ml [IQR, 13–124ml]) versus those with AOL 2–3 (median 21ml [IQR, 

3.2–35]). This also did not reach significance (p = 0.13). We assessed the relationship 

between swelling volume and other known predictors of cerebral edema, including age, 

baseline NIHSS, DWI lesion volume and baseline glucose level (Supplementary Table 1). Of 

these, NIHSS (r2 = 0.14, p = 0.0023) and DWI volume (r2 = 0.17, p = 0.0005) were 

significantly associated with swelling volume. In multivariable linear regression, only DWI 

volume remained significantly associated with swelling (adjusted r2 = 0.22, p = 0.013).

To evaluate the interplay between baseline ADCr and revascularization, we separately 

analyzed the effect of vessel recanalization in those patients with baseline ADCr above and 

below the 64% threshold. Those patients with baseline ADCr < 64% who did not achieve 

restoration of distal flow (AOL 0–1) had significantly greater swelling than those who did 

(Figure 4a; median 164ml [IQR 53.3–190ml] vs 20.7ml [IQR 3.20–55.1ml] in AOL 2–3, p = 

0.024). There was no effect of recanalization on swelling in those patients with baseline 

ADCr ≥ 64% (Figure 4b, p = 0.827). Linear regression analysis of the stratified data found 

that both DWI volume (r2 = 0.33, p = 0.0078) and dichotomized AOL score (r2 = 0.33, p = 

0.0099) were significantly associated with swelling volume in only the low ADCr group. 

Multivariable linear regression shows that both AOL score and DWI volume remain 
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independent predictors of swelling volume (adjusted r2 = 0.47, p = 0.020 for DWI volume, p 

= 0.020 for AOL 0–1 vs 2–3).

Discussion

The ratio of ADC signal intensity between ischemic and normal tissue can be used as a 

marker of cytotoxicity that is predictive of edema[20] and outcome[21] following ischemic 

stroke. In the current study, we demonstrate the ability of ADCr to predict outcome in a 

second cohort, further supporting its utility as an imaging biomarker. We find that reopening 

of the initial vascular occlusion is associated with normalization of ADC on follow up 

imaging, emphasizing the fact that diffusion imaging is dynamic and does not necessarily 

represent tissue fate when examined at a single time point. Perhaps most importantly, we 

demonstrate that the vessel recanalization is associated with less edema, but only in those 

patients with low baseline ADCr, representative of more severe cytotoxic injury. Those 

patients with high ADCr at baseline did not appear to be at as much risk for edema in this 

cohort, such that recanalization did not reduce the already low swelling volume.

Our finding that vessel recanalization was associated with reduced edema was somewhat 

surprising in the context of animal data that suggests a substantial role for reperfusion edema 

in models of focal ischemia[25–28]. In humans, there is a suggestion that thrombolysis may 

reduce the incidence of edema[29]. Furthermore, the finding that persistent vessel occlusion 

was a predictor of swelling in large MCA infarct[30] is consistent with our observations in 

the current study. While there are likely many differences between the animal models and 

human disease to explain the discrepancy[31], one highlight is the difference in timing. Most 

animal studies looked at edema shortly after reperfusion, while the MR RESCUE cohort 

only has follow up imaging available a median of 7 days after presentation.

The findings in the current study are complementary to our recent analysis of perfusion 

imaging in the same cohort[32]. We found that the degree of change in perfusion-weighted 

imaging between baseline and follow up MRI was associated with swelling volume, with 

greater degree of reperfusion associated with less swelling. These two studies highlight the 

importance of multimodal imaging in fully understanding the complex relationships between 

initial cytotoxic injury, vessel reopening, tissue reperfusion and development of edema. The 

advantage of ADC is its utility in aiding in the prediction of edema even when only 

measured at an acute time point, however it is likely that multiple imaging modalities are 

needed for patient selection and outcome prediction in acute stroke.

This study has several limitations. The MR RESCUE cohort includes only those patients 

who presented with a penumbral pattern of ischemia, so the findings cannot be extrapolated 

to other patterns. The trial itself was unsuccessful, owing largely to an inability of the 

endovascular intervention to achieve rates of recanalization better than those in the medical 

arm[22]. We address that here by dividing our subjects based on actual observed vessel 

recanalization rather than treatment arm. However, this introduces a second limitation in that 

we do not know the timing of revascularization, as we only have vessel imaging in all 

subjects at 7 days post-stroke. Vessel opening could have occurred at any point between 

subject enrollment and the follow up CTA/MRA. We therefore cannot extrapolate these 
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results to understand the effect of early thrombectomy or tPA administration on cerebral 

edema. However, if vessel opening did occur late, it would seem that this should bias against 

finding a significant effect of recanalization on change in ADCr, given our prior finding 

ADCr declines to a nadir at 24 hours after stroke onset[20]. In addition, while the benefit of 

vessel recanalization was only demonstrated at low baseline ADCr, this is based on analysis 

of swelling volume rather than clinical outcome. It would be useful to try to replicate our 

results in larger trials of MR imaging-based selection of patients for endovascular 

intervention[33,34].

The single, 7-day follow up time point may also limit our ability to accurately estimate the 

degree of edema. While case series of patients with large hemispheric infarction have found 

that most edema and related neurologic deterioration occurs within 48 hours[35], it can also 

be observed out to 10 days post-stroke[36]. The infarct volumes in the current cohort were 

generally smaller than in these series and none of the patients examined here underwent 

decompressive craniectomy, but it is likely that the timing of edema is similar. It is possible 

that the swelling volumes measured at this late time point may partially reflect the use of 

hyperosmolar therapy, leading us to underestimate the effects of persistent vessel occlusion 

and lower ADCr on swelling volume. Data on rates of hyperosmolar use in this cohort are 

not available.

Overall, this study provides further evidence for the utility of ADC as an imaging biomarker 

of edema and outcome after stroke. Further analysis of ADC as part of a multimodal 

imaging strategy is warranted in an effort to enrich patient selection for acute stroke therapy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Swelling volume was calculated using our previously described methods. Briefly, the 

baseline and follow up B0 sequences were co-registered using SPM, with the same 

transformation then applied to DWI sequences. The region of DWI hyperintensity was 

outlined on both baseline (green) and follow up (blue) MRIs, using a semi-automated seed-

based technique. The follow up image was compared to the baseline in axial, coronal and 

sagittal planes, and any diffusion abnormality in a distinct anatomic region was defined as 

infarct growth (yellow). Finally, the baseline DWI lesion volume was subtracted from the 

resulting map of follow up DWI lesion and infarct growth, with any residual volume 

classified as swelling (red).
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Figure 2. 
Baseline ADCr of ≥ 64% is associated with improved 90-day outcome. Higher baseline 

ADCr was associated with a shift in overall mRS (p = 0.028). Additionally, a greater 

proportion of patients with baseline ADCr < 64% were severely disabled or dead at 90 days 

(mRS 5–6, 52.2% with ADCr < 64% vs 19.1% with ADCr ≥ 64%, p = 0.006).

Bevers et al. Page 11

Cerebrovasc Dis. Author manuscript; available in PMC 2019 March 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Association between recanalization and ADCr evolution. Change in ADCr between baseline 

and follow up MRI (delta ADCr) is associated with vessel recanalization (ANOVA, p = 

0.0248). Multiple comparison analysis found that delta ADCr was significantly greater in 

patients with AOL 3 compared to those with persistent occlusion (AOL 0; Dunnett’s test, p = 

0.0385). If AOL scores are dichotomized, those with restoration of distal flow (AOL 2–3) 

have significantly greater mean delta ADCr (16.4±2.07% vs. 1.99±4.33% for AOL 0–1, p = 

0.0039).
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Figure 4. 
Baseline ADCr predicts the effect of recanalization on swelling. In those patients with a low 

baseline ADCr (< 64%), lack of distal reconstitution was associated with greater swelling 

(median 164ml [IQR 53.3–190ml] vs 20.7ml [IQR 3.20–55.1ml] for AOL 2–3, p = 0.024). 

There was no significant effect of recanalization on swelling volume in patients with 

baseline ADCr ≥ 64% (median 21.0ml [IQR 4.56–30.5ml] for AOL 0–1 vs. 20.7ml [IQR 

1.8–32.6ml] for AOL 2–3).
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Table 1

Characteristics of the study cohort

n=65

Age (years), mean ± SD 64.7 ± 15.4

Sex, male, N (%) 35 (53.8%)

Comorbidities, N (%)

  Diabetes 16 (24.6%)

  Hypertension 48 (73.8%)

  Hyperlipidemia 35 (53.8%)

  Atrial fibrillation 20 (30.7%)

  Prior stroke 11 (16.9%)

Treatment, N (%)

  IV tPA 26 (40.0%)

  Randomized to endovascular intervention 33 (50.8%)

Laterality (left), N (%) 34 (52.3%)

Admission NIHSS, median [IQR] 17 [13–21]

90-day mRS, median [IQR] 4 [3, 5]

Time from LSW to MRI (hrs), mean ± SD 4.6 ± 1.4

Time from baseline to follow up MRI (days), median [IQR] 7 [6,7]

Admission ADC volume (mL), median [IQR] 39.7 [17.1–89.7]

Follow up ADC volume (mL), median [IQR]* 97.6 [43.6–191]

Swelling volume (mL), median [IQR] 23 [3.7–38]

Admission ADC ratio, mean ± SD 67.4 ± 7.63%

Follow up ADC ratio, mean ± SD* 81.1 ± 13.5%

AOL 2–3 on day 7 MRA/CTA, n (%) 51 (81.0%)

*
Follow up scans were analyzed in 61 patients; 3 subjects were excluded due to development of bilateral stroke, 1 subject had missing follow up 

diffusion images
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