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ABSTR ACT: Carotid therosclerotic disease causes approximately 25% of the nearly 690,000 ischemic strokes each year in the United States. Cur-
rent risk stratification based on percent stenosis does not provide specific information on the actual risk of stroke for most individuals. Prospective 
randomized studies have found only 10 to 12% of asymptomatic patients will have a symptomatic stroke within 5 years. Measurements of percent 
stenosis do not determine plaque stability or composition. Reports have concluded that cerebral ischemic events associated with carotid plaque are 
intimately associated with plaque instability. Analysis of retrospective studies has found that plaque composition is important in risk stratification. 
Only MRI has the ability to identify and measure the detailed components and morphology of carotid plaque and provides more detailed informa-
tion than other currently available techniques. MRI can accurately detect carotid hemorrhage, and MRI identified carotid hemorrhage correlates 
with acute stroke.
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Introduction
Carotid atherosclerosis. Atherosclerotic disease of the 

carotid artery is the direct cause of 173,000 or approximately 
25% of the nearly 690,000 ischemic strokes each year in the 
United States.1 Nationally, over a recent 4-year period, 491,944 
carotid endarterectomies (CEAs) and 45,208 carotid artery 
stents were performed for asymptomatic disease, attempting 
to reduce the incidence of stroke.2 Treatment decisions are 
still predominantly based upon studies correlating the risk 
reduction obtained from operation with percent carotid ste-
nosis. The Asymptomatic Carotid Artery Study, Asymptom-
atic Carotid Surgery Trial, and other studies have reported 
a risk reduction with surgery for asymptomatic patients  
with .50% to 60% stenosis.3–7 However, current risk strati-
fication based on percent stenosis does not provide patient-
specific information on the actual risk of stroke for most 
individuals with carotid disease. It is not surprising that pro-
spective randomized studies have found that only 10%–12% 
of these asymptomatic patients will have a symptomatic stroke 
within 5 years, and the significant majority will never have a 
cerebrovascular event.3–5,7 For asymptomatic patients, 19 pro-
cedures are needed to prevent one stroke.4

Most importantly, percent stenosis measurements may be 
a poor indicator of plaque composition and instability. Recent 

reports have concluded that cerebral ischemic events associ-
ated with carotid plaque appear to be intimately associated 
with plaque instability.8–20 Histologic analysis of high-risk 
plaques demonstrates intraplaque hemorrhage (IPH), lipid 
deposition, and necrosis.21 Subgroup analysis of retrospective 
studies has found that plaque composition is important in risk 
stratification.11,19,21–23

Plaque imaging. Carotid duplex ultrasound is the pri-
mary diagnostic modality for evaluating carotid artery disease, 
with computed tomography angiography (CTA) and magnetic 
resonance angiography (MRA) used in the setting of acute 
stroke work-up and digital subtraction angiography reserved 
for selected cases and for mechanical thrombectomy. While 
CTA is accurate for measuring percent stenosis and can iden-
tify ulceration, magnetic resonance imaging (MRI) has the 
additional ability to measure plaque components.16,17,21,23–27 In 
this manner, MRI can provide far more detailed information 
than other currently available techniques.

Currently, CTA is used far more often than MRA 
at our institution and nationally. While CTA has higher 
resolution compared to MRA, both detect lumen stenosis 
with a similar high accuracy compared to digital subtraction 
angiography.28 MRI has the added benefit of detecting IPH 
with high accuracy using heavily T1-weighted sequences.  
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In contrast, published reports indicate that CTA is not reliable 
for IPH determination using Hounsfield units.29 If determining 
the etiology of an acute stroke requires information on carotid 
plaque composition, and specifically IPH, techniques providing 
such information may be a requisite part of clinical evaluation.

Importance of IPH. The importance of carotid IPH 
in identifying patients at risk for stroke has been reported 
in multiple studies using various combinations of MRI 
sequences.10,13,15–18,23,30–35 Lusby and colleagues first reported 
in 1982 that IPH is a marker for a symptomatic carotid 
plaque. Their retrospective study found IPH in a significantly 
higher proportion of CEA specimens from symptomatic as 
opposed to asymptomatic individuals.9 IPH has been linked 
to increases in both necrotic core size and plaque volume.18 
Microscopic examination of endarterectomy specimens often 
demonstrates a series of microhemorrhages in the necrotic 
core.36 These microhemorrhages lead to further plaque growth 
and instability.37 Further, patients with baseline IPH are at 
significantly higher risk of further hemorrhage.31 Heteroge-
neous plaques with IPH have been correlated with a higher 
incidence of prior embolic stroke.13,16,17,21,31 Ouhlous identi-
fied an increased number of white matter lesions in patients 
where the carotid bifurcation had IPH.14 Altaf found increased 
risk of recurrent ipsilateral carotid symptoms in patients with 
IPH scheduled for CEA compared to patients without IPH as 
measured by direct thrombus imaging and that IPH predicts 
embolization during CEA as documented by MRI.11,22 In 
comparing stroke-related symptoms with properties of excised 
plaque, thrombotically active plaque with IPH was associated 
strongly with symptomatic patients (71%) and weakly with 
asymptomatic patients (12%).19

IPH occurs in approximately 30%–36% of asymptomatic 
carotid lesions with at least 50% stenosis.8,18 Retrospective 
studies have confirmed that IPH is associated with subsequent 
neurologic symptoms. A report on 75 men with asymptomatic 
carotid stenosis found that MRI-depicted IPH was associated 

with an increased incidence of cerebrovascular events (stroke 
and TIA) with a hazard ratio of 3.6 and a negative predic-
tive value (NPV) of 100%.18 A study from the University of 
Washington of 154 patients reported a hazard ratio of 5.2 
for stroke in patients with IPH relative to those without.38  
A report from the University of Virginia reported an odds ratio 
of 11.66 for stroke between patients with and without complex 
hemorrhagic atherosclerotic plaques.21 Recent reports have 
concluded that IPH plays a greater role in plaque destabiliza-
tion than was previously thought.16,31,39–41

Further, retrospective reviews have reported that the 
NPV of IPH in predicting ipsilateral stroke is between 92% 
and 100%.11,18,22 This NPV clearly indicates that patients 
without IPH are at much lower risk of events than suggested 
by natural history studies on patients with moderate to severe 
carotid stenosis.23 Figure 1 was constructed to show the sig-
nificant potential of IPH to stratify the stroke risk of patients 
with at least 50% carotid stenosis.

As can be seen in Figure 1, retrospective findings sug-
gest that approximately 18% of patients with IPH will have 
symptomatic cerebral infarction and 43% will have either a 
symptomatic or asymptomatic cerebral infarction within 
48 months. In contrast, only 3% of patients without IPH will 
have a symptomatic stroke and 8% will have an asymptom-
atic infarct during the same time period.4,18,21,38,42–44 IPH 
presence, volume, continuity with the lumen, and continu-
ity with ulceration have been found to be most predictive in 
published retrospective reports.15–17,27,39,45–47 A retrospective 
review found that, compared with asymptomatic patients, 
symptomatic patients had a higher incidence of IPH, vol-
ume (P  =  0.003), presence of juxtaluminal hemorrhage 
or thrombus (P  =  0.039), and lumen area reduction with 
ulceration (P  =  0.008).38 To validate these projections and 
determine the relationship between IPH identified by the 
magnetization prepared rapid acquisition gradient echo 
(MPRAGE) sequence in carotid plaque and contemporary 

Figure 1. shown are the projected cumulative probabilities of occurrence of symptomatic cerebral infarct (Panel A) and of either symptomatic or 
asymptomatic cerebral infarct (Panel B) for the full population (black), patients with iPh (red), and patients without iPh (green) under the reported hazard 
ratio of 5.231 for stroke based on presence of hemorrhage on MRi. the curves were constructed for patients with 50% stenosis assuming an overall 
annual 2.2% rate of symptomatic cerebral infarct,4,7,61 a 4.0% rate of silent cerebral infarction,43–45 and a competing risk of nonstroke death with a rate of 
1.225% per year.
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cerebrovascular events, we have undertaken several studies to 
better identify the ability of MRI to accurately detect IPH 
and better determine its role in stroke.

Methods
Patient population. To determine the importance 

of IPH in acute stroke, Institutional Review Board (IRB) 
approval was obtained for a cross-sectional study on patients 
undergoing stroke evaluation within 1 week of symptom 
onset with brain MRI/carotid MRA with the MPRAGE 
sequence at the University of Utah Medical Center from 
November 2009 to January 2014.48–50 This research was con-
ducted in accordance with the principles of the Declaration 
of Helsinki. During this time, 578 patients underwent brain 
MRI/carotid MRA, resulting in 1,156 carotid artery–ipsi-
lateral brain image pairs. Of these, 420 carotid brain pairs 
were excluded for lesions outside of 2 cm above and below the 
carotid bifurcation, craniocervical dissections (118), atrial 
fibrillation (94), intracardiac/extracardiac shunt (86), cardiac 
thrombus (26), recent aortic or mitral valve replacement (16), 
vasculitis (14), global hypoxic/ischemic injury (10), recent 
cardiac or neurovascular catheterization (10), recent car-
diovascular surgery (8), dural venous sinus thrombosis (8), 
fibromuscular dysplasia or lupus vasculopathy (8), proximal 
common carotid stenosis $50% (6), rheumatic heart disease 
(4), brain neoplasm (4), endocarditis (2), idiopathic hypertro-
phic subaortic stenosis (2), aortic graft complication (2), and 
distal vessel atherosclerosis (2). Occluded carotid arteries (7) 
and extremely high grade lesions (3) were excluded as well, 
providing 726 carotid plaques for the final analysis.

MRI/MRA protocol. Images were obtained on Sie-
mens 3 T and 1.5 T MRI scanners with standard head/neck 
coils. Standard clinical MRI/MRA protocol included brain 
MRI [axial diffusion-weighted images (DWI), axial T2w, 
axial fluid attenuation inversion recovery (FLAIR), and 
sagittal T1w images], brain MRA (3-D axial time of flight 
(TOF)), and neck MRA (2D axial TOF, coronal precontrast 
T1w, coronal postcontrast arterial and venous phase images). 
Neck MRA was obtained from the aortic arch through the 
circle of Willis. The total scan time was ~45  minutes, of 
which MPRAGE required ~5 minutes. In cases when renal 
insufficiency precluded intravenous contrast [glomerular 
filtration rate (GFR) ,30  mL/min/1.73  m2], post-con-
trast MRA images were replaced with 3-D noncontrast 
(TOF) with 1-mm slice thickness combined with duplex 
ultrasound.

Carotid MPRAGE sequence. The MPRAGE sequence 
was used to detect IPH, and is shown in Figure 2. The 
parameters were first optimized at 3 T and then transferred 
to 1.5 T, and were as follows: 3-D, repetition time (TR)/
echo time (TE)/time to inversion (TI)  =  6.39/2.37/370 ms, 
flip angle = 15°, field of view (FOV) = 130 × 130 × 48 mm3, 
matrix =  256 × 256 × 48, voxel =  0.5 × 0.5 × 1.0 mm3, fat 
saturation, and acquisition time ~5  minutes. An initial TI  
of ~500 ms was chosen based on prior computer simulations 
at 3 T and was adjusted down to a TI of 370 ms to maximize 
the contrast between hemorrhage and inflowing blood in 
volunteer subjects, as described previously.47,51 Images were 
obtained from 2 cm below to 2 cm above the carotid bifurca-
tion at 1.0 mm slice thickness.

Figure 2. Modified 3-D MPRAGE sequence. Three-dimensional (3-D) pulse sequence diagram, modified from the Siemens MPRAGE pulse sequence 
(0.5 × 0.5 × 1.0 mm3, ti = 370 ms, tR = 670 ms, 48 slice locations, two averages, scan time 5 minutes 30 seconds). We have found that these 
modifications clearly identify recent hemorrhage as a hyperintense signal. From top to bottom, ACQ = acquisition, RF = radio frequency, Ro = readout, 
Pe = phase encoding, ss = slice select gradient. chemical fat saturation is used. in order to produce 3-D images, a secondary phase encoding occurs 
in the slice select direction. one of the main advantages of our sequence is that an initial non-slice-selective 180° RF pulse is used to invert all tissues. 
Following the 180° RF pulse, t1 recovery during the ti interval is used to maximize the contrast between blood and tissue (t1 hemorrhage ~500 ms). 
heavily t1-weighted hematoma remains hyperintense. image acquisition time with each sequence is under 5 minutes.
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Carotid MPRAGE interpretation. MPRAGE positive 
plaque was defined by at least 1 voxel with at least twofold 
higher signal intensity relative to adjacent sternocleidomastoid 
muscle.32 MPRAGE status was determined independently by 
two radiologists blinded to patient characteristics, histology 
results, and adjacent images. In the 12 patients undergoing 
CEA, the radiologists outlined the areas of MPRAGE-positive 
plaque on 100 images to compare with areas of IPH and lipid/
necrosis as defined by histology. Other carotid lumen markers 
were determined as previously described.48

Histology validation of the MPRAGE sequence. After 
informed consent, 12 patients were recruited for an IRB-
approved histologic study on patients undergoing CEA.49 In 
this subset, we determined the ability of carotid MPRAGE 
to detect IPH. Each carotid plaque specimen was fixed in 
10% neutral buffered formalin for 3  days in preparation for 
histology. The ratio of fixative to specimen was at least 10:1. 
Specimens were decalcified in 1% Enhanced Decalcification 
Formulation™. The sections were submitted sequentially from 
inferior to superior in plastic tissue cassettes. Tissue cassettes 
were processed on an automated Sakura vacuum infiltrating 
processor, embedded in paraffin wax, sectioned at 3–4  mm 
intervals, and stained with hematoxylin and eosin (H&E) 
and Mallory’s phosphotungstic acid hematoxylin (PTAH) for 
fibrin. A total of 100 carotid MPRAGE image/histology pairs 
were obtained from the 12 subjects.

Histology interpretation of IPH. A pathologist outlined 
recent IPH and lipid/necrosis using H&E and PTAH stains, 
blinded to MPRAGE results. “Recent” or subacute IPH was 
defined by one of the following: intact red blood cells, or degen-
erated red blood cells on H&E with PTAH stain positive for 
fibrin. Prior research has demonstrated that fibrin corresponds 
to recent IPH, within 6  weeks of age.52 Lipid/necrosis was 
detected on H&E stain and defined as any of the following: 
extracellular lipid droplet accumulation, cholesterol clefts, or 
acellular granular debris (necrosis). Chronic hemorrhage was 
not detected using this T1-weighted sequence and not consid-
ered in the analysis. Carotid bifurcation and gross morphol-
ogy were used as anatomic guides to pair each MPRAGE 
slice with the corresponding histology slide. Each carotid 
MPRAGE positive area was then compared with (1) IPH area, 
(2) lipid/necrosis area overlapping with IPH, (3) lipid/necrosis 
area without IPH, and (4) total plaque area.

Inter and Intraobserver variability and 3 T versus 1.5 T 
substudy. Inter and intraobserver variability was determined in 
a substudy of 362 patients undergoing carotid MRI from 2009 
to 2011.49 Images were obtained using the 3-D MPRAGE 
sequence on Siemens 3 T and 1.5 T MRI scanners. At 1.5 T, 
282 patients were scanned, yielding 564 carotids, 2 of which 
were occluded. At 3 T, 32 patients (64 carotids) underwent MRI 
with standard coils, and 48 patients (90 carotids, 6 occluded) 
underwent MRI using custom-made bilateral dual-element 
phased array coils.51 There was no significant difference in 
image quality at 3 T with standard coils versus custom coils 

(3.84 ± 0.09 vs 3.89 ± 0.09, ± SEM, P = 0.70). At 1.5 T, all 
carotid MPRAGE images were obtained with standard neck 
coils. MPRAGE status was determined in each complete arte-
rial segment in patients undergoing carotid MPRAGE at 3 T 
versus 1.5 T. Interobserver agreement was determined between 
observers 1 and 2. Intraobserver agreement was determined for 
observer 1.

Acute stroke determination. Recent carotid territory 
infarct was defined as either clinically symptomatic or asymp-
tomatic acute infarct in the ipsilateral territory of the ICA con-
firmed by DWI technique derived from DTI trace images from 
our standard clinical imaging protocol, as previously described.50 
DTI trace images have been shown to be superior to conventional 
diffusion-weighted sequences in detecting recent infarcts.53

Statistical analysis. To determine the optimal prediction 
of carotid-source stroke, a mixed-effects multivariable Pois-
son regression model was used accounting for two vessels per 
patient. The Poisson regression model was fitted for the outcome 
of carotid IPH with carotid imaging predictors including per-
cent diameter stenosis, mm stenosis, maximum plaque thick-
ness, ulceration, and intraluminal thrombus. Clinical covariates 
included age, male sex, diabetes, hypertension, hyperlipidemia, 
and body mass index. Cardiovascular medication confounders 
included antihypertension, antiplatelet, anticoagulation, and 
statin medication classes. In addition, magnet strength (3 T or 
1.5 T) was included as a potential confounder in the Poisson 
regression model. A backward-elimination method was used to 
determine the final model, in which all remaining predictors 
had a P , 0.10. Prevalence ratios and P-values were reported 
for each factor alone and for the factors found to be significant 
from the backward elimination. Similarly, mixed-effects multi-
variable Poisson regression was used determine essential imag-
ing and clinical predictors of carotid IPH.

In the histology substudy, we compared MPRAGE-
positive area to histology-defined hemorrhage and lipid/
necrosis areas (all measured as mm2). We used a random-inter-
cept linear regression model with an autoregressive correlation 
structure. In this repeated measures analysis of the 12 CEA 
subjects, the “time” repetition variable was the slice position 
as measured in millimeters relative to the bifurcation. Using 
MPRAGE area as the outcome variable, our predictor vari-
ables were analyzed one at a time and included 1) IPH area 
(with or without lipid/necrosis), 2) lipid/necrosis area over-
lapping with IPH, 3) lipid/necrosis area without IPH, and  
4) total plaque area. In the final model, all of the above predic-
tor variables were included. Kappa analysis was used to calcu-
late inter- and intraobserver agreement. All statistical analyses 
were performed with Stata version 13.1.

Results
Patient demographics. Patient demographics are listed 

by vessel below in Table 1.
MPRAGE signal predicts histology-defined carotid 

IPH. One hundred carotid MPRAGE image/histology pairs 
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from 12 patients who underwent surgery were analyzed using 
a linear mixed model. Histology-defined area of IPH sig-
nificantly predicted MPRAGE-positive area (slope  =  0.52, 
P  ,  0.001, 95% CI: 0.41, 0.64, see representative image 
demonstrating IPH detection with MPRAGE in Fig. 3). 
Lipid/necrosis without IPH was not a significant predictor of 
the MPRAGE-positive area (slope  =  0.01, P  =  0.846, 95%  
CI: -0.13, 0.16). Total plaque area was a significant predictor 
of MPRAGE-positive area (slope = 0.20, P , 0.001, 95% CI: 
0.10, 0.30). Kappa values for inter- and intraobserver agree-
ment on MPRAGE hyperintensity in this segment of the 
study were 0.818 and 0.806, respectively, indicating very good 
agreement.

Carotid MPRAGE inter- and intraobserver agree-
ment. Overall, the Kappa value for interobserver agree-
ment was 0.812. After adjusting for prevalence and bias, the 
overall PABAK for interobserver agreement was 0.944. The 
Kappa value for interobserver agreement was 0.807 at 3 T and 
0.803 at 1.5 T. After adjusting for prevalence and bias, the 

PABAK was 0.883 at 3 T and 0.961 at 1.5 T. The intrao-
bserver agreement of carotid MPRAGE was determined at  
3 T versus 1.5 T for observer 1 with pooled data and Kappa 
and PABAK. Overall, the Kappa value for intraobserver 
agreement was 0.899.

Carotid-source stroke prediction using multivari-
able Poisson regression. Representative images demonstrat-
ing carotid IPH prediction of ipsilateral stroke are shown in 
Figure 4. After backward elimination with a threshold of 
P  ,  0.10, the significant factors predicting carotid-source 
stroke included IPH (prevalence ratio, PR = 5.61, P , 0.001, 
95% confidence interval (CI)  =  3.77, 8.35), intraluminal 
thrombus (PR 3.60, P , 0.001, 95% CI = 2.23, 5.81), cur-
rent smoking (PR = 1.77, P = 0.007, 95% CI = 1.17, 2.68), and 
maximum thickness (PR = 1.13, P = 0.005, 95% CI = 1.04, 
1.24). Prior smoking was not a significant predictor of carotid-
source stroke (PR = 1.35, P = 0.121, 95% CI = 0.92, 1.96), but 
was included in the final model since current smoking was 
significant.

Table 1. Patient demographics.

Demographics by vessel (total n = 726)

stroke, no. (%) 100 (13.8)

Male sex, no. (%) 387 (53.3)

age, mean (sD) (years) 64.2 (15.6)

Body mass index (BMi), mean (sD) (kg/m2) 28.4 (6.4)

Smoking, no. (%)

current smoker 138 (19.0)

Prior smoker 158 (21.8)

never smoker 430 (59.2)

hypertension, no. (%) 499 (68.7)

hyperlipidemia, no. (%) 358 (49.3)

Diabetes, no. (%) 227 (31.3)

Cardiovascular medications

antihypertension, no. (%) 412 (56.8)

statin, no. (%) 316 (43.5)

antiplatelet, no. (%) 294 (40.5)

anticoagulation, no. (%) 74 (10.2)

Carotid plaque imaging markers

stenosis, mean (sD), % 12.2 (23.1)

Mild stenosis (0–49%), no. (%) 647 (89.1)

Moderate stenosis (50%–69%), no. (%) 45 (6.2)

severe stenosis (70%–99%), no. (%) 34 (4.7)

stenosis, mean (sD) (mm) 4.1 (1.2)

Maximum plaque thickness, mean (sD) (mm) 3.0 (1.6)

Ulceration, no. (%) 96 (13.2)

intraluminal thrombus, no. (%) 19 (2.6)

intraplaque hemorrhage, no. (%) 65 (9.0)

Magnet strength = 3 t, no. (%) 58 (8.0)
 

Figure 3. comparison of carotid MPRage and iPh detected 
on histology. top: Representative MPRage positive plaque in a 
patient undergoing subsequent endarterectomy. Middle: h&e stain 
demonstrating recent iPh (solid line) outlined by a pathologist. Bottom: 
PTAH positive staining (solid line) also indicates fibrin deposition and 
recent iPh.
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Carotid IPH prediction using multivariable Pois-
son regression. After backward-elimination with a thresh-
old of P , 0.10, the remaining significant factors predicting 
carotid IPH included maximum plaque thickness (PR = 1.34, 
P ,  0.001, 95% CI =  1.21, 1.48), mm stenosis (PR =  0.71, 
P  ,  0.001, 95% CI  =  0.61, 0.85), ulceration (PR  =  1.83, 
P = 0.011, 95% CI = 1.15, 2.92), age (PR = 1.04, P , 0.001, 
95% CI = 1.03, 1.06), and male sex (PR = 1.83, P = 0.079, 95% 
CI = 0.93, 3.59).

Summary and pathway analysis. Pathway analysis dem-
onstrating predictors of carotid IPH (stenosis, ulceration, age, 
male sex, and plaque thickness) and predictors of carotid-
source stroke (carotid IPH, intraluminal thrombus, plaque 
thickness, and current smoking) is presented in Figure 5.

Discussion
Determining stroke etiology is critically important, since sur-
gery has proven very effective in preventing strokes from carotid 
artery lesions. IPH has a strong correlation with acute strokes, 

and this relationship remains highly significant even when 
considering the effect of other available lumen markers (steno-
sis, thickness, ulceration, and intraluminal thrombus). These 
results suggest that IPH identified on carotid MRI can signifi-
cantly improve our ability to identify strokes from carotid dis-
ease and identify individuals likely to benefit from intervention.

Figure 4. Left: MPRage hyperintense signal demonstrating iPh in ica plaque in the three separate patients. From top to bottom: large, moderate and 
small iPh is present in the left ica. Right: corresponding DWi images showing infarction in each patient’s iPh positive left ica distribution.

Figure 5. Pathway analysis demonstrating predictors of carotid iPh and 
carotid-source stroke.
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Since this report is not based upon longitudinal MRI 
imaging of IPH, we cannot determine the natural evolution 
of IPH over time. However, other studies have found that 
IPH is a marker of stroke risk, conferring a stroke risk over 
up to 5 years. These longitudinal studies from the University 
of Washington indicate that many features of IPH are stable 
over time. While methemoglobin does not persist indefinitely, 
it appears that there may be ongoing low-level plaque hem-
orrhage that continues to produce the methemoglobin over 
time. This could account for methemoglobin being identified 
on serial exams in many but not all patients.

Ensuring accurate and reproducible IPH identification is 
critical. In our prior research, we determined that MPRAGE-
positive signal detects IPH but not lipid/necrosis. In addition, 
we found that the carotid MPRAGE detection of IPH has 
high inter- and intraobserver agreement at both 1.5 T and 3 T.

Carotid IPH is generally differentiated from carotid dis-
section by its location. IPH is associated with atherosclerotic 
risk factors and is found where carotid plaque is found. As 
opposed to dissection, IPH is centered at the carotid bifurca-
tion with a predilection to the outer wall opposite the flow 
divider because of the oscillatory shear stress in this location. 
In contrast, dissection begins in the cervical ICA superior to 
the bifurcation and extends to the intracerebral ICA above the 
angle of the mandible. Dissection occurs in younger individu-
als without atherosclerotic risk factors, and does not primarily 
involve the outer wall of the bifurcation.

Our data would suggest that stroke risk is independent 
of the size of IPH, but we do not have quantifiable data on 
subjects in our larger longitudinal studies to confirm this 
clinical impression. While consideration of both intralumi-
nal thrombus and IPH improves the correlation of carotid 
disease with acute stroke in our experience, IPH added no 
further discriminatory value in the relatively rare instance 
of intraluminal thrombus detection. These findings are not 
intuitive, since stroke from carotid atherosclerosis has always 
been thought to occur from initial thrombus formation and 
subsequent fragmentation and embolization. While thrombi 
likely also form with IPH, these may be below the limits 
of detection or they may have already undergone cerebral 
embolization. Confirmation of IPH-induced microthrombi 
could be obtained with future studies using high-resolution 
methods including optical coherence tomography (OCT).54

The explanation for the increased stroke risk with IPH 
may be multifactorial. IPH is thought to result from plaque 
microvessel leakage, and may be a marker of an inflamed 
plaque with endothelial dysfunction. IPH may also directly 
contribute to plaque inflammation through iron deposi-
tion and reactive oxygen species formation.55 In addition, 
IPH has been shown to rapidly increase plaque size and 
stenosis.56 This can result in pathologic changes in endothelial 
mechanotransduction related to oscillatory shear stress, 
resulting in endothelial oxidative stress and inflammation and 
contributing to stroke risk.57

While these data are somewhat limited due to their 
cross-sectional nature, they nonetheless argue against using 
only stenosis to determine carotid stroke sources.

Conclusion
The presence of IPH can be accurately determined with heav-
ily T1-weighted MRI sequences and strongly predicts stroke. 
Intervention based upon carotid stenosis alone results in the 
vast majority of procedures being performed on individuals 
who will never have a stroke. With advances in imaging, evi-
dence supporting stroke risk stratification based on IPH is 
rapidly accumulating.58–60 Intervention based upon the pres-
ence of IPH has the potential, if validated by other prospec-
tive longitudinal studies, to dramatically reduce the number 
of carotid interventions, reducing the number of operative 
strokes and deaths while savings significant medical resources. 
It will also improve selection of those individuals who are at 
higher risk of neurologic events and may truly benefit from 
intervention. While optimal discrimination of carotid-source 
stroke may require information on IPH, intraluminal throm-
bus, other plaque characteristics, and clinical information, 
IPH alone is strongly predictive of subsequent stroke risk and 
should be considered as the basis for surgical intervention.
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