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Abstract
Purpose To investigate retinal microstructure differences in central retinal artery occlusion (CRAO) patients with and
without visible retinal diffusion restriction (RDR) on diffusion-weighted magnetic resonance imaging (DWI).
Methods Consecutive CRAO patients with available optical coherence tomography (OCT) and DWI, both performed
within 7 days after symptom onset, were included in a retrospective cohort study. The OCT scans were reviewed to assess
retinal layer thickness, optical intensity and structural integrity. The OCT findings were compared between patients with
and without visible RDR on DWI using Mann-Whitney U or Pearson’s Χ2 test.
Results A total of 56 patients (mean age 70.8 ± 12.8 years) were included. RDR was observed in 38 subjects (67.9%)
with visually correlating low ADC map in 26 of 38 cases (68.4%). Superior and inferior parafoveal macular thickness
measurements (SMT, IMT) of RDR negative patients were significantly lower when compared to RDR+ patients (370.5 ±
43.8µm vs. 418.2 ± 76.0µm, p=0.016; 374.4 ± 42.9µm vs. 428.8 ± 63.2µm, p=0.004) due to differences in inner retinal
layer thickness (IRLT, 188.8 ± 34.4µm vs. 234.7 ± 49.0µm, p=0.002). IRLT values of RDR negative patients were higher
in 1.5T compared to 3T the DWI (205.0 ± 26.0µm vs. 168.6 ± 32.8µm, p=0.026).
Conclusions Detectability of RDR is likely contingent upon the degree of ischemic retinal swelling in CRAO. Technical
adjustments to the DWI protocol, such as increased field strength, may improve visibility of RDR.
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Introduction

Retinal diffusion restriction (RDR) has recently been identi-
fied as a regular finding on diffusion-weightedmagnetic res-
onance imaging (DWI-MRI) in patients with central retinal
artery occlusion (CRAO) [1–5]. With increasing utility and
availability of emergency MRI in stroke [6, 7], RDR might
contribute to the diagnosis of retinal ischemia, streamlin-
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ing the integration of CRAO patients into existing vascu-
lar emergency networks and possibly improving the access
to recanalization therapy; however, sensitivity of RDR in
CRAO as reported for standard 1.5T and 3T brain stroke
DWI sequences has been limited (62.6–75.0%) [2, 5]. On
the one hand, detectability of RDR on DWI is likely to de-
pend on the time delay between symptom onset and DWI,
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as RDR were reported to be less frequent in DWI performed
1 week after onset of vision loss [5]. On the other hand, dif-
ferences in the extent of retinal cell edema might influence
the magnitude of diffusion restriction, thereby affecting the
ability to produce a perceivable DWI signal increase in the
affected voxels encompassing the inner retinal layers.

Optical coherence tomography (OCT) is an interfero-
metric imaging technique that allows for the noninvasive
examination of retinal layers with spatial resolutions in the
micrometer range [8]. Several studies have demonstrated
its utility in visualizing retinal microstructure changes due
to ischemic damage in CRAO [9–15]. Intracellular edema
with inner retinal layer swelling [9] and loss of ganglion
layer transparency [9, 10] are among the characteristic fea-
tures described secondary to breakdown of retinal arterial
perfusion and developing ischemia. We designed a retro-
spective cohort study to investigate differences in retinal
microstructure between CRAO patients with and without
discernible RDR on DWI-MRI.

Material andMethods

Study approval was obtained from the local ethics commit-
tee (EA1/177/19). All methods were performed in accor-
dance with relevant guidelines. Written informed consent
was obtained from all participants.

Patients

This retrospective study included consecutive CRAO pa-
tients treated in our neurovascular department between Jan-
uary 2010 and 2019 with available brain diffusion-weighted
imaging and optical coherence tomography, both performed
within 7 days after symptom onset. All patients met di-
agnostic criteria of nonarteritic CRAO with sudden onset
of painless, monocular visual impairment and presence of
characteristic fundoscopic features (cherry-red spot sign or
retinal opacity, visible emboli, attenuated retinal arterioles
and/or optic disc pallor/edema). Patients with amaurosis
fugax, branch retinal arteriolar occlusion or patients with
symptoms suggestive of giant cell arteritis (according to the
American College of Rheumatology 1990 criteria) were not
considered for this study.

Diffusion-weightedMR Imaging

Magnetic resonance imaging was routinely performed at
our institution to detect concurrent ischemic stroke and
assess disease etiology in CRAO patients. EPI-DWI se-
quences were acquired on 1.5T (Aera, Siemens, Erlangen,
Germany) and 3T scanners (Skyra, Siemens) with 20 chan-
nel head coils. On another 3T scanner (Trio, Siemens)

DTI sequences were routinely acquired for DWI calcula-
tion. Slice thicknesses (ST) were as follows: 2.5mm (DTI),
3mm and 7mm (DWI). Trace DWI b= 1000s/mm2 images
from EPI-DWI sequences or calculated from EPI-DTI se-
quences were assessed by a board-certified neuroradiologist
(>15 years of experience) blinded for clinical patient data
(e.g. side of the affected eye) and OCT scan assessments.
Presence of RDR on DWI was noted, if an abnormal signal
increase of the inner wall of the globe was present on at
least two adjacent slices, when compared to the contralat-
eral eye. Additionally, ADC maps were evaluated for the
presence of visually correlating low signal.

Optical Coherence Tomography

Spectral domain OCT scans were acquired using a commer-
cially available device (Spectralis ®, Heidelberg Engineer-
ing GmbH, Heidelberg, Germany) and its software (Heidel-
berg Eye Explorer 1.9.14.0 with Spectralis Viewing Module
Calculator Data Provider/Manager 1.0.11.0, Heidelberg En-
gineering). A 5.8mm×4.4mm protocol with acquisition of
19 horizontal B-scans was employed to obtain a volume
scan of the macular region of the affected and unaffected
eye. All OCT scan assessments were performed by a board-
certified ophthalmologist (>10 years of experience).

All macular volume scans were checked for foveolar cen-
tration of the Early Treatment Diabetic Retinopathy Study
(ETDRS) grid and layer segmentation and corrected man-
ually in cases of decentration or segmentation errors. Cen-
tral macular thickness (CMT), which represents the average
thickness of the foveal 1mm diameter-zone, was obtained
for the affected and fellow eye. Superior (SMT) and infe-
rior (IMT) parafoveal macular thicknesses were measured
within the superior and inferior sector of the 3mm diameter
zone of the ETDRS grid of the affected eye. Inner (IRLT)
and outer (ORLT) parafoveal retinal layer thicknesses were
measured manually, 1000µm temporal from the foveola of
the affected eye with the virtual ruler tool in a perpendicu-
lar direction to the retinal pigment epithelium (RPE). Based
on the findings and methods of previous studies [16–18],
all layers between the inner limiting membrane (ILM) and
the outer border of the outer plexiform layer (OPL) were
defined as the inner retinal layers. The outer nuclear layer
(ONL), external limiting membrane (ELM) and the pho-
toreceptor layer (PR) were subsumed as the outer layers
of the neurosensory retina. The analysis protocol for reti-
nal layer thickness measurements is illustrated in the data
supplement (Fig. 1, Supplementary Material).

The presence of a prominent middle limiting membrane
(p-MLM) sign was noted, if a hyperreflective line at the
level of the OPL was present on any of the 19 B-scans.
Structural loss of the inner retinal layers was graded as fol-
lows: partial loss of retinal layer structure (grade I), severe
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but incomplete loss of retinal layer structure (grade II) or
complete loss of inner retinal structure (grade III). Sim-
ilarly, IRL hyperreflectivity was graded on a semi-quan-
titative scale (grades I–III). Additionally, the presence of
ORL hyporeflectivity was noted. Visual examples of dif-
ferent grading in IRL hyperreflectivity and retinal structure
loss are provided in the data supplement (Fig. 2 and Fig. 3,
Supplementary Material).

Statistical Analysis

GraphPad Prism (GraphPad Prism version 8.0.0 for Win-
dows, GraphPad Software, San Diego, CA, USA) and IBM
SPSS Statistics software (IBM SPSS Statistics for Win-
dows, Version 25.0. Armonk, NY, USA) were employed
for statistical analysis. We compared retinal layer thick-
ness measurements (CMT, SMT, IMT, IRLT, ORLT) and
the presence of varying OCT features in CRAO (p-MLM
sign, loss of retinal layer structure, IRL hyperreflectivity
or ORL hyporeflectivity) between patients with and with-
out detectable RDR on DWI using Mann-Whitney U- or
χ2-tests, respectively. In this observational study no correc-
tion for multiple testing was performed. All reported p-val-
ues are exploratory. A p-value p was deemed significant if
p≤ 0.05. Descriptive statistics are presented as mean± SD.

Results

Patient Cohort

After exclusion of 4 subjects due to DWI artifacts and
1 subject due to severe age-related macular degeneration,
56 CRAO patients (mean age 70.8± 12.8 years; 30 female)
with available DWI and OCT were included in this study.
Detailed information on clinical characteristics of CRAO
patients, including cardiovascular risk profiles and fundo-
scopic features are given in the data supplement (see Ta-
ble 1, Supplementary Material). Side distribution of retinal

Table 1 OCT-based retinal layer thickness measurements in CRAO patients with (RDR+) and without visible (RDR–) restricted retinal diffusion
on standard diffusion-weighted magnetic resonance imaging

RDR+ (n= 38) RDR– (n= 18) p-value

M SD Mdn Q1 Q3 M SD Mdn Q1 Q3

CMT (µm) 344.4 77.7 325.5 289.3 380.0 307.6 45.8 309.0 262.5 335.3 0.071

CMT FE (µm) 298.9 97.7 274.0 260.5 292.0 291.4 54.5 273.0 261.0 296.0 0.938

SMT (µm) 418.2 76.0 421.5 360.5 458.3 370.5 43.8 373.5 333.3 392.0 0.016

IMT (µm) 428.8 63.2 428.0 395.5 461.0 374.4 42.9 364.0 339.5 414.8 0.004

IRLT (µm) 234.7 49.0 227.5 203.3 268.3 188.8 34.4 195.0 168.0 216.3 0.002

ORLT (µm) 151.1 22.5 153.0 138.5 164.8 144.4 16.4 146.0 134.5 148.0 0.087

CMT central macular thickness, CMT FE central macular thickness fellow eye, CRAO central retinal artery occlusion, IMT inferior parafoveal
macular thickness, IRLT inner retinal layer thickness, OCT optical coherence tomography, ORLT outer retinal layer thickness, RDR retinal
diffusion restriction, SMT superior parafoveal macular thickness

ischemia was balanced with 29 (51.8%) right-sided and
27 (48.2%) left-sided occlusions. Mean visual acuity on
initial presentation was 1.82 logMAR (43/56 patients or
76.8%; calculation according to Schulze-Bonsel et al. [19]).
Of the patients 13 (23.2%) had visual acuity of light per-
ception or worse, which could not be quantified on a com-
parable scale.

Diffusion-weighted Imaging Analysis

A total of 56 MRI scans (field strength 1.5T in 25 or 44.6%
and 3T in 31 or 55.4% of cases) were assessed. The se-
quence types employed were as follows: 2.5mm calculated
DWI-TRACE from DTI-EPI (23 or 41.1%), 3mm DWI-
EPI TRACE (31 or 55.4%) and 7mm DWI-EPI TRACE
(2 or 3.6%). Time intervals between clinical onset of visual
impairment and MRI were >12–24h in 3 (5.4%), >24–72h
in 37 (66.1%) and >72h–7days in 14 (25.0%) cases. An
unambiguous assignment to a time group was not possi-
ble in 2 patients (3.6%). The mean time interval between
DWI and OCT was 32.6± 23.3h. Retinal diffusion restric-
tions (RDR) were observed in 38 patients (67.9%; 23/31
or 74.2% in 3T and 15/25 or 60.0% in 1.5T scans) with
visually correlating low signal on the ADC map in 26 cases
(68.4% of RDR– positive scans). Multiple comparison χ2-
test revealed no differences in the presence of RDR between
time groups (p= 0.1).

Optical Coherence Tomography Analysis

Time intervals between clinical onset of visual impairment
and OCT examination were as follows: ≤4.5h in 4 (7.1%),
>4.5–12h in 7 (12.5%), >12–24h in 7 (12.5%), >24–72h
in 20 (35.7%) and >72h–7days in 14 (25.0%). An unam-
biguous assignment to a time group was not possible in
4 cases (7.1%). Central foveal macular thickness (CMT)
among CRAO patients was 332.6± 71.2µm (median 319.0;
Q1 282.5; Q3 365.8). Superior (SMT) and inferior (IMT)
parafoveal macular thickness were 402.9± 70.9µm (me-
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dian 392.0; Q1 351.0; Q3 445.8) and 411.3± 62.8µm (me-
dian 411.5; Q1 359.0; Q3 445.3), respectively. In com-
parison, CMT of the fellow eye was 296.5± 86.1µm (me-
dian 273.5; Q1 260.8; Q3 293.8). Inner (IRLT) and outer
(ORLT) parafoveal retinal layer thickness of the affected
eye were 220.0± 49.7µm (median 218.5; Q1 183.8; Q3
244.0) and 148.9± 21.0µm (median 148.0; Q1 137.5; Q3
159.5). A prominent middle limiting membrane (p-MLM)
sign was present in 50 (89.3%) cases. Increased IRL hy-
perreflectivity was observed in 52 patients (92.9%) with
grade I in 19 (36.5%), grade II in 16 (30.8%) and grade III
in 17 (32.7%) cases. Hyporeflective outer retinal layers
were noted in 44 (78.6%) patients. Loss of retinal layer
structure was visible in 40 (71.4%) cases and graded as fol-
lows: grade I 15 (37.5%), grade II 9 (22.5%) and grade III
16 (40.0%).

Comparison of OCT Findings Between DWI Positive
and Negative Patients

Table 1 and Fig. 1 detail retinal layer thickness measure-
ments in CRAO patients with and without visible restricted
retinal diffusion on diffusion-weighted magnetic reso-
nance imaging. Parafoveal macular thickness measurements
(SMT, IMT) of CRAO patients with no detectable RDR on
DWI were significantly lower when compared to RDR+ pa-
tients (SMT: 370.5± 43.8µm vs. 418.2± 76.0µm, p= 0.016;
IMT: 374.4± 42.9µm vs. 428.8± 63.2µm, p= 0.004). Cen-
tral (foveal) macular thickness. however, did not differ
significantly between the two groups (307.6± 45.8µm vs.
344.4± 77.7µm, p= 0.071). The observed differences in
parafoveal macular thickness could be attributed to differ-
ences in IRLT, which were significantly lower in CRAO
patients without visible RDR on DWI (188.8± 34.4µm vs.
234.7± 49.0µm, p= 0.002). ORLT measurements did not
vary significantly (p= 0.087). Fig. 2 illustrates representa-
tive examples of IRLT measurements in CRAO patients
with and without visible restricted retinal diffusion on 3T
DWI-MRI.

Multiple comparison χ2-testing identified increased fre-
quency of grade III IRL hyperreflectivity (Fig. 4 of Supple-
mentary Material; 0/18 or 0% RDR– vs. 17/38 or 44.7%
RDR+ with p= 0.0007) and complete loss of inner retinal
layer structure (grade III; Fig. 4 of Supplementary Mate-
rial; 1/18 or 5.6% RDR– vs. 15/38 or 39.5% RDR+ with
p= 0.009) in patients with visible RDR. No differences were
observed for the presence of p-MLM sign and hyporeflec-
tivity of the ORL (18/18 or 100.0% RDR– vs. 32/38 or
84.2% RDR+, p= 0.074 and 13/18 or 72.2% vs. 31/38 or
81.6%, p= 0.425).

Fig. 1 Differences in retinal layer thickness measurements between
CRAO patients with (RDR+) and without visible (RDR–) restricted
retinal diffusion on standard diffusion-weighted magnetic resonance
imaging (DWI). OCT-based parafoveal macular thickness measure-
ments (SMT, IMT) and IRLT of CRAO patients with no detectable
RDR on DWI were significantly lower when compared to RDR+ pa-
tients. No significant differences were observed for central (foveal)
macular thickness of the affected or the fellow eye (FE) and ORLT.
CMT central macular thickness, CRAO central retinal artery occlu-
sion, IMT inferior parafoveal macular thickness, IRLT inner retinal
layer thickness, OCT optical coherence tomography, ORLT outer reti-
nal layer thickness, RDR retinal diffusion restriction, SMT superior
parafoveal macular thickness

Comparison of IRLT and Presence of RDR in 1.5T and
3T DWI-MRI

Figure 3 compares IRLT measurements in patients with
and without RDR on 1.5 and 3T DWI-MRI. While IRLT
measurements did not differ between RDR+ patients on
1.5T and 3T DWI (248.5± 55.4µm vs. 225.7± 41.9µm,
p= 0.238), IRLT was higher in RDR– patients on 1.5T,
when compared to 3T MRI (205.0± 26.0µm vs. 168.6±
32.8µm, p= 0.026).
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Fig. 2 Representative examples of IRLT measurements in CRAO patients with and without visible restricted retinal diffusion on 3T DWI-MRI
(2.5mm calculated DWI-TRACE from DTI-EPI). a, b, c No demonstrable restricted diffusion is visible on retinal DWI of a 70-year-old woman
with right-sided CRAO. d The corresponding SD-OCT cross-section shows mild swelling of the inner retinal layer (182µm, black asterisk).
e, f, g A marked retinal DWI hypersignal is noted on three adjacent slices in a 67-year-old man with right-sided CRAO (white arrows). h The
corresponding SD-OCT image reveals severe inner retinal layer edema (277µm, black asterisk). CRAO central retinal artery occlusion, DWI-
MRI diffusion-weighted magnetic resonance imaging, IRLT inner retinal layer thickness, SD-OCT spectral-domain optical coherence tomography,
TRACE , EPI

Fig. 3 Comparison of inner retinal layer thickness (IRLT) measure-
ments in CRAO patients with (RDR+) and without visible (RDR–)
restricted retinal diffusion on 1.5 and 3T standard DWI-MRI. Scat-
tered boxplots indicate improved detectability of RDR on 3T, when
compared to 1.5T DWI-MRI in ischemic IRL edema with correspond-
ing IRLT measurements between 200µm and 250µm. Accordingly,
IRLT of RDR– patients on 3T DWI-MRI was lower, when compared to
RDR– patients on 1.5T DWI-MRI. CRAO central retinal artery occlu-
sion; DWI-MRI diffusion-weighted magnetic resonance imaging; RDR
retinal diffusion restriction

Discussion

Since the first description in four patients with retinal is-
chemia and concurrent carotid arteriopathy [3, 4], RDR has
been identified as a characteristic finding on DWI-MRI in
patients with acute CRAO and branch retinal arteriolar oc-
clusion [2, 5, 20]. As such, there has been increasing interest
in the utility of retinal DWI as a supplemental tool for the
diagnosis of retinal ischemia, e.g. in instances of obstructed
visibility of the fundus; however, sensitivity of RDR in
CRAO as reported in previous studies utilizing standard
stroke DWI has been limited (62.6–75.0%) [2, 5]. Embolic
occlusion of the central retinal artery causes abrupt cessa-
tion of blood flow to the inner retinal layers with subsequent
development of cytotoxic edema and retinal necrosis [21];
however, relevant differences in the severity of structural
retinal changes have been reported for CRAO patients us-
ing OCT [9, 22].

Our study substantiates that visibility of RDR on DWI-
MRI is contingent upon the degree of ischemic retinal
swelling, which provides a plausible explanation for the
limited sensitivity of RDR in CRAO reported previously
[2, 5]. Accordingly, we found significantly lower IRLT in
DWI negative CRAO patients, when compared to patients
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with visible RDR. No differences were found for ORLT
measurements, since the outer retinal layers, including the
photoreceptor cells, are supplied by the posterior ciliary
system and not primarily affected by CRAO. It is reason-
able to infer that in patients with mild cytotoxic edema
of the inner retinal layers no perceivable signal increase
is produced on standard DWI-MRI. Similarly, parafoveal
macular thickness measurements (SMT, IMT) were signif-
icantly lower in RDR– patients; however, no statistically
relevant difference was observed for foveal macular thick-
ness measurements (CMT). These observations can be ex-
plained by the retinal distribution of ganglion cells, which
increase in number towards the center of the macula but are
progressively reduced from the fovea to the foveolar region
[23]. Since the ganglion cell layer is mainly affected by
retinal ischemia in CRAO, parafoveal macular layers show
pronounced swelling, while edema of the fovea remains
discreet, resulting in the characteristic fundoscopic feature
of cherry-red-spot sign in CRAO [24]. Interestingly, many
CRAO patients with visible RDR on DWI show slight reti-
nal thickening corresponding to the central macular region
of the posterior globe [2].

Danyel et al. reported higher detection rates of RDR in
CRAO for 3T, when compared to 1.5T DWI-MRI (72.2%
vs. 59.6%), although this difference did not meet statis-
tical significance (p= 0.135) [5]. Similarly, our data indi-
cate that higher field strength improves detection of weak
RDR in mild retinal edema, as IRLT measurements were
significantly higher in 1.5T DWI of RDR– patients when
compared to 3T DWI.

Two recent studies investigated the time-dependency of
retinal edema in acute CRAO using OCT [11, 25]. The
authors found that retinal ischemia caused a relative reti-
nal thickness increase (RRTI) following a hyperbolic curve
with nearly linear progression within the first 10h after
CRAO onset. Consequently, IRL edema is not fully de-
veloped in patients presenting within the proposed 4.5h
window for thrombolytic therapy. Considering these find-
ings it is likely that detection of RDR in the early stages of
CRAO is challenging, because only a weak signal increase
is produced on DWI-MRI. On the other hand, visibility of
RDR on DWI-MRI may indicate an advanced stage of reti-
nal ischemia in patients with unknown time of onset. This
is of relevance, because as much as one third of CRAO
patients discover visual impairment on waking up in the
morning [26], which precludes the assessment of retinal is-
chemia duration. Prospective trials are needed to explore
DWI signal evolution and optimize DWI-MRI protocols
for orbital imaging in acute CRAO. Novel DWI sequence
techniques, such as fast spin echo radial acquisition DWI,
small FOV DWI and readout-segmented DWI sequences
might help to improve signal-to-noise ratio, as well as re-
duce distortion and susceptibility artifacts. Spectral-domain

OCT could provide a valuable reference method for assess-
ing the utility of different DWI sequences in the detection
of RDR, as it provides quantification of IRL swelling.

Our study has several limitations, mainly inherent to its
retrospective design, time delay between OCT and DWI-
MRI and moderate overall case number, which have to be
taken into account when interpreting its results. We used
routine brain MRI protocols, not optimized for the visual-
ization of the retina and DWI acquisition overall was hetero-
geneous, as different scanners, receive coils and sequences
were employed. Consequently, variations in spatial resolu-
tion and signal-to-noise ratio may affect RDR detection.
As stated before, we did not perform ADC value measure-
ments due to significant partial volume averaging effects
[2]. Further limitations are the absence of a control cohort
and the single reader employed; however, interrater and in-
trarater reliability as well as test quality criteria of RDR
in standard DWI have already been evaluated in previous
studies: The assessment of RDR was accomplished with
high specificity (0.80–1.00) and negative predictive value
(0.76–0.80) in a CRAO study cohort with stroke controls
[2]. Additionally, considerable interrater (κ= 0.70) and in-
trarater agreement (κ= 0.75) were reported for the identifi-
cation of RDR in CRAO [2, 5]. Recent studies suggested
a potential benefit of recombinant tissue plasminogen acti-
vator in CRAO, when administered within 4.5h of symp-
tom onset [27], a hypothesis that is currently being inves-
tigated by two multicenter RCTs (THEIA NCT03197194
and REVISON NCT04965038); however, our study did not
include patients with DWI performed within the proposed
4.5-h window for thrombolytic therapy, due to the signifi-
cant time delay with which CRAO patients usually present
to the neurovascular center. Similarly, MacGrory et al. re-
ported a median delay of 8h between symptom onset and
admission to the emergency department [27]. It is impor-
tant to note, however, that the initial contact to any medical
provider reported for this cohort was distinctly earlier (me-
dian delay of 4h). A reliable retinal DWI protocol for the
diagnosis of acute CRAO would provide an opportunity to
directly integrate retinal ischemia patients into existing neu-
rovascular emergency networks, which would reduce time
to thrombolytic treatment. A prospective trial investigating
early DWI in CRAO is currently recruiting patients at our
institution.

To conclude, our study provides evidence that detectabil-
ity of RDR on DWI-MRI in CRAO patients is dependent
on the degree of ischemic retinal swelling. Hence, severity
of cytotoxic edema, as assessed by OCT, determines the
extent of signal increase on DWI. This observation likely
explains the limited sensitivity of RDR in CRAO reported in
previous investigations. Technical adjustments of the DWI
protocol, such as increased field strength may help to im-
prove visibility of RDR. Further studies regarding the clin-
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ical utility of RDR for the estimation of ischemia duration
in CRAO with unknown time of onset or its application for
therapeutic decisions are warranted.

Supplementary Information The online version of this article (https://
doi.org/10.1007/s00062-022-01168-9) contains supplementary mate-
rial, which is available to authorized users.

Acknowledgements Danyel LA is participant in the BIH-Charité
Clinician Scientist Program funded by the Charité—Universitätsmedi-
zin Berlin and the Berlin Institute of Health.

Funding The authors did not receive specific funding for this work.

Author Contribution Siebert E: data curation, investigation, method-
ology, writing original draft, review and editing. Rossel-Zemkouo M:
data curation, investigation, methodology, writing original draft, re-
view and editing; Villringer K.: data curation, resources, review and
editing; Neumann K.: formal analysis, methodology, review and edit-
ing; Bohner G.: resources, review and editing; Danyel L. A.: concep-
tualization, data curation, formal analysis, investigation, methodology,
project administration, visualization, writing original draft, review and
editing
Co-first authorship of E. Siebert and M. Rossel-Zemkouo is justified
by their equally substantial contributions to this investigation, partic-
ularly their respective assessment of DWI-MRI and optical coherence
tomography (OCT) scans.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Declarations

Conflict of interest E. Siebert, M. Rossel-Zemkouo, K. Villringer,
K. Neumann, G. Bohner and L.A. Danyel declare that they have no
competing interests.

Ethical standards Study approval was obtained from the local ethics
committee (Charité, Universitätsmedizin Berlin, EA1/177/19). Con-
sent to participate: not applicable (retrospective analysis). Consent
for publication: all authors gave consent for the publication of this
manuscript.

Open Access This article is licensed under a Creative Commons At-
tribution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view
a copy of this licence, visit http://creativecommons.org/licenses/by/4.
0/.

References

1. Alsinaidi O, Shaikh AG. Diffusion-Weighted Magnetic Reso-
nance Imaging in Acute Retinal Pathology. Neuroophthalmology.
2017;42:191–3.

2. Danyel LA, Bohner G, Connolly F, Siebert E. Standard Diffusion-
weighted MRI for the Diagnosis of Central Retinal Artery Occlu-

sion: A Case-Control Study. Clin Neuroradiol. 2021;31:619–26.
https://doi.org/10.1007/s00062-020-00955-6.

3. Pottabatula B, Smith G, Nagaraja N, Albayram MS. Demonstration
of acute retinal ischemia on diffusion weighted magnetic resonance
imaging. Clin Imaging. 2020;59:126–8.

4. Vicente M, Serrano AR, Falgàs N, Borrego S, Amaro S, Cardenal
C, Urra X. Diffusion Restriction in the Optic Nerve and Retina in
Patients With Carotid Occlusion. Neurologist. 2017;22:77–9.

5. Danyel LA, Miszczuk M, Connolly F, Villringer K, Bohner G,
Rossel-Zemkouo M, Siebert E. Time Course and Clinical Corre-
lates of Retinal Diffusion Restrictions in Acute Central Retinal
Artery Occlusion. AJNR Am J Neuroradiol. 2021;42:1661–6.
https://doi.org/10.3174/ajnr.A7201.

6. Ma H, Campbell BCV, Parsons MW, Churilov L, Levi CR, Hsu
C, Kleinig TJ, Wijeratne T, Curtze S, Dewey HM, Miteff F, Tsai
CH, Lee JT, Phan TG, Mahant N, Sun MC, Krause M, Sturm J,
Grimley R, Chen CH, Hu CJ, Wong AA, Field D, Sun Y, Barber
PA, Sabet A, Jannes J, Jeng JS, Clissold B, Markus R, Lin CH,
Lien LM, Bladin CF, Christensen S, Yassi N, Sharma G, Bivard
A, Desmond PM, Yan B, Mitchell PJ, Thijs V, Carey L, Meretoja
A, Davis SM, Donnan GA; EXTEND Investigators. Thrombolysis
Guided by Perfusion Imaging up to 9 Hours after Onset of Stroke.
N Engl J Med. 2019;380:1795–803. Erratum in: N Engl J Med.
2021;384:1278.

7. Thomalla G, Simonsen CZ, Boutitie F, Andersen G, Berthezene Y,
Cheng B, Cheripelli B, Cho TH, Fazekas F, Fiehler J, Ford I, Gali-
novic I, Gellissen S, Golsari A, Gregori J, Günther M, Guibernau
J, Häusler KG, Hennerici M, Kemmling A, Marstrand J, Modrau
B, Neeb L, Perez de la Ossa N, Puig J, Ringleb P, Roy P, Scheel
E, Schonewille W, Serena J, Sunaert S, Villringer K, Wouters A,
Thijs V, Ebinger M, Endres M, Fiebach JB, Lemmens R, Muir KW,
Nighoghossian N, Pedraza S, Gerloff C; WAKE-UP Investigators.
MRI-Guided Thrombolysis for Stroke with Unknown Time of On-
set. N Engl J Med. 2018;379:611–22.

8. Puzyeyeva O, Lam WC, Flanagan JG, Brent MH, Devenyi RG,
Mandelcorn MS, Wong T, Hudson C. High-resolution optical co-
herence tomography retinal imaging: a case series illustrating po-
tential and limitations. J Ophthalmol. 2011;2011:764183.

9. Ahn SJ, Woo SJ, Park KH, Jung C, Hong JH, Han MK. Retinal and
choroidal changes and visual outcome in central retinal artery oc-
clusion: an optical coherence tomography study. Am J Ophthalmol.
2015;159:667–76.

10. Chen H, Xia H, Qiu Z, Chen W, Chen X. Correlation of optical
intensity on optical coherence tomography and visual outcome in
central retinal artery occlusion. Retina. 2016;36:1964–70.

11. Wenzel DA, Kromer R, Poli S, Steinhorst NA, Casagrande MK,
Spitzer MS, Schultheiss M. Optical coherence tomography-based
determination of ischaemia onset - the temporal dynamics of reti-
nal thickness increase in acute central retinal artery occlusion. Acta
Ophthalmol. 2021;99:e247–52.

12. Chen SN, Hwang JF, Chen YT. Macular thickness measurements
in central retinal artery occlusion by optical coherence tomography.
Retina. 2011;31:730–7.

13. Chu YK, Hong YT, Byeon SH, Kwon OW. In vivo detection of
acute ischemic damages in retinal arterial occlusion with optical
coherence tomography: a “prominent middle limiting membrane
sign”. Retina. 2013;33:2110–7.

14. Ozdemir H, Karacorlu S, Karacorlu M. Optical coherence to-
mography findings in central retinal artery occlusion. Retina.
2006;26:110–2.

15. Cornut PL, Bieber J, Beccat S, Fortoul V, Poli M, Feldman A, Denis
P, Burillon C. Aspects évolutifs de la rétine en coupe OCT spectral
domain lors des oblitérations artérielles rétiniennes [Spectral do-
main OCT in eyes with retinal artery occlusion]. J Fr Ophtalmol.
2012;35:606–13.

K

https://doi.org/10.1007/s00062-022-01168-9
https://doi.org/10.1007/s00062-022-01168-9
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00062-020-00955-6
https://doi.org/10.3174/ajnr.A7201


1044 E. Siebert et al.

16. Furashova O, Matthè E. Hyperreflectivity of Inner Retinal Layers
as a Quantitative Parameter of Ischemic Damage in Acute Retinal
Vein Occlusion (RVO): An Optical Coherence Tomography Study.
Clin Ophthalmol. 2020;14:2453–62.

17. Chen H, Chen X, Qiu Z, Xiang D, Chen W, Shi F, Zheng J, Zhu
W, Sonka M. Quantitative analysis of retinal layers’ optical inten-
sities on 3D optical coherence tomography for central retinal artery
occlusion. Sci Rep. 2015;5:9269.

18. Ritter M, Sacu S, Deák GG, Kircher K, Sayegh RG, Pruente C,
Schmidt-Erfurth UM. In vivo identification of alteration of inner
neurosensory layers in branch retinal artery occlusion. Br J Oph-
thalmol. 2012;96:201–7.

19. Schulze-Bonsel K, Feltgen N, Burau H, Hansen L, Bach M. Vi-
sual acuities “hand motion” and “counting fingers” can be quanti-
fied with the freiburg visual acuity test. Invest Ophthalmol Vis Sci.
2006;47:1236–40.

20. Danyel LA, Miszczuk M, Villringer K, Bohner G, Siebert E. Retinal
diffusion restrictions in acute branch retinal arteriolar occlusion. Sci
Rep. 2021;11:20538.

21. Kroll AJ. Experimental central retinal artery occlusion. Arch Oph-
thalmol. 1968;79:453–69.

22. Schmidt D, Kube T, Feltgen N. Central retinal artery occlusion:
findings in optical coherence tomography and functional correla-
tions. Eur J Med Res. 2006;11:250–2.

23. Curcio CA, Allen KA. Topography of ganglion cells in human
retina. J Comp Neurol. 1990;300:5–25.

24. Hayreh SS, Zimmerman MB. Fundus changes in central retinal
artery occlusion. Retina. 2007;27:276–89.

25. Ochakovski GA, Wenzel DA, Spitzer MS, Poli S, Härtig F, Fis-
cher MD, Dimopoulos S, Schultheiss M. Retinal oedema in central
retinal artery occlusion develops as a function of time. Acta Oph-
thalmol. 2020;98:e680–4.

26. Hayreh SS. Central retinal artery occlusion. Indian J Ophthalmol.
2018;66:1684–94.

27. Mac Grory B, Nackenoff A, Poli S, Spitzer MS, Nedelmann M,
Guillon B, Preterre C, Chen CS, Lee AW, Yaghi S, Stretz C, Azher
I, Paddock J, Bakaeva T, Greer DM, Shulman JG, Kowalski RG,
Lavin P, Mistry E, Espaillat K, Furie K, Kirshner H, Schrag M.
Intravenous Fibrinolysis for Central Retinal Artery Occlusion: A
Cohort Study and Updated Patient-Level Meta-Analysis. Stroke.
2020;51:2018–25.

K


	Detectability of Retinal Diffusion Restriction in Central Retinal Artery Occlusion is Linked to Inner Retinal Layer Thickness
	Abstract
	Introduction
	Material and Methods
	Patients
	Diffusion-weighted MR Imaging
	Optical Coherence Tomography
	Statistical Analysis

	Results
	Patient Cohort
	Diffusion-weighted Imaging Analysis
	Optical Coherence Tomography Analysis
	Comparison of OCT Findings Between DWI Positive and Negative Patients
	Comparison of IRLT and Presence of RDR in 1.5T and 3T DWI-MRI

	Discussion
	Supplementary Information
	References


