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Abstract

Purpose

To investigate the incidence and risk factors of the no-reflow phenomenon in central retinal
artery occlusion (CRAQ) patients and to determine its effects on visual and anatomic
outcomes.

Methods

In 102 eyes with CRAO in which arterial recanalization was obtained within 1 week from
baseline, fluorescein angiography images obtained at baseline and 1 week were retrospec-
tively reviewed. The no-reflow phenomenon in the retina was defined as macular capillary
nonperfusion following arterial recanalization on fluorescein angiographs. We investigated
the incidence and risk factors for the no-reflow phenomenon and compared the anatomical
and visual outcomes between eyes with and without the phenomenon.

Results

Among the 102 CRAO eyes with arterial recanalization, 39 exhibited the no-reflow phenom-
enon, resulting in an incidence of 38.2%. The incidence among the eyes with treatment-
induced and spontaneous recanalization was 43.4% and 15.8%, respectively, and it
increased with the CRAQO stage. CRAO stage and increased central macular thickness
were risk factors for the phenomenon, with an odds ratio of 4.47 [95% confidence interval
(Ch), 1.19-16.8; P =0.027] and 1.69 (95% Cl, 1.12-2.55; P = 0.012) per 100-um increase,
respectively. The visual outcome was significantly poorer and retinal atrophy and photore-
ceptor disruption was greater in eyes with the no-reflow phenomenon than in those without.
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Conclusions

The no-reflow phenomenon may occur after arterial recanalization in approximately one-
third of CRAO patients and can affect anatomical and visual outcomes. This phenomenon
may provide an additional explanation regarding the permanent retinal damage and vision
loss in eyes with CRAO.

Introduction

Inadequate tissue perfusion is occasionally observed after successful arterial recanalization, and
this event is defined as the no-reflow phenomenon. The concept of no-reflow was first sug-
gested in experimental brain ischemia models wherein the normal flow to brain tissues was not
restored after obstruction removal.[1, 2] In clinical settings, myocardial no-reflow, character-
ized by absence of intramyocardial reperfusion after successful coronary recanalization for
myocardial infarction, is well documented.[3, 4] The no-reflow phenomenon has been
observed after percutaneous coronary intervention (PCI) in 5% to 50% patients with acute
myocardial infarction.[5-8] A strong negative impact of the phenomenon on PCI outcomes,
which negates its potential benefits, is clearly reported.[9-13]

Central retinal artery occlusion (CRAO) represents end-organ ischemia of the eye and is
analogous to terminal branch occlusion in cerebral stroke and acute myocardial infarction.
Four distinct categories exist based on the pathogenesis and clinical characteristics: non-arteri-
tic, non-arteritic with cilioretinal artery sparing, arteritic, and transient non-arteritic.[14]
Hayreh and colleagues showed the no-reflow phenomenon in eyes with transient non-arteritic
CRAO, where angiography shows normal retinal vascular bed filling with no filling in the mac-
ular region.[14] They suggested it as a cause of permanent ganglion cell death and central sco-
toma.[14, 15] However, the phenomenon itself has received little attention, particularly in
terms of incidence, risk factors, and effects on anatomic and visual outcomes.

This study retrospectively reviewed fluorescein angiography (FA) images to investigate the
incidence of the no-reflow phenomenon in consecutive patients with non-arteritic CRAO in
whom arterial patency was restored either spontaneously or by conservative treatment or
intra-arterial thrombolysis (IAT). In addition, the study aimed to determine the risk factors for
this phenomenon and evaluate retinal structural changes on optical coherence tomography
(OCT) and visual outcomes in eyes with CRAO.

Methods
Patient Selection

CRAO was defined by delayed central retinal artery filling on FA and ischemic whitening of
the retina on funduscopy in patients with sudden vision loss (Fig 1). Permanent CRAO patients
who met our eligibility criteria for thrombolysis[16] were considered for IAT, which was per-
formed as previously described[16] after obtaining written informed consent. Other patients
with permanent CRAO were treated with conservative treatment, including ocular massage
(repeated manual compression for 10-15 s, followed by sudden release, using a 3-mirror con-
tact lens for 3-5 min) and intraocular pressure-lowering agents (topical timolol 0.5%, oral acet-
azolamide 500 mg). The institutional review board at Seoul National University Bundang
hospital approved our study, which adhered to the tenets of the Declaration of Helsinki.
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Fig 1. Fundus photographs (Fd) and fluorescein angiography (FA) images of no-reflow (left) and
reflow (right) eyes with central retinal artery occlusion. FA images (obtained 30 s after intravenous
fluorescein injection) show improved arterial perfusion following intra-arterial thrombolysis (IAT) in both eyes,
although a round area (yellow arrowheads) exhibiting capillary nonperfusion (and consequently retinal tissue
nonperfusion) in the macula is observed only in the no-reflow eye.

doi:10.1371/journal.pone.0142852.g001

Written informed consent for the use of clinical records was not given by patients but the rec-
ords or patient information was anonymized and de-identified prior to our analysis.

Fundus FA images and the medical records of 215 consecutive patients diagnosed with non-
arteritic CRAO from May 2008 to January 2015 who were followed for >2 months were retro-
spectively reviewed. Those in whom arterial recanalization was obtained either spontaneously
(at baseline) or by conservative treatment or IAT were enrolled in this study. Among 196
patients with permanent CRAO treated by conservative treatment or IAT, those without post-
treatment FA (N = 38), those with no improvement in arterial occlusion (arm to retina fluores-
cein appearance time or arm to retina time [17] following treatment was equal to or greater
than that at baseline, N = 33), and those with an incomplete arterial phase during angiography
(venous phase did not appear on FA, N = 17) were excluded because the evaluation of arterial
recanalization was impossible or the tissue non-perfusion may have originated from incom-
plete retinal arterial filling. The 25 patients with other combined ocular pathologies such as
ophthalmic artery occlusion (N = 8), proliferative diabetic retinopathy (N = 9), and central reti-
nal vein occlusion (N = 8) were also excluded. Eventually, 19 patients with spontaneous arterial
recanalization on baseline FA (referred to as transient CRAO[14]) and 83 with permanent
non-arteritic CRAO showing angiographic evidence of improved retinal artery perfusion fol-
lowing conservative treatment or IAT were included in this study (Fig 2).
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Fig 2. Incidence of the no-reflow phenomenon and its reversal in patients with central retinal artery occlusion (CRAO). The no-reflow phenomenon
was defined as the lack of tissue (capillary) reperfusion after successful arterial recanalization in this study. Among the 102 enrolled patients whose arterial

recanalization was confirmed by fluorescein angiography (FA) images, 39 showed tissue (capillary) nonperfusion, resulting in a 38.2% incidence of the no-

reflow phenomenon. Its reversal could be evaluated in 29 patients, 7 (24.1%) of whom showed reversal of no-reflow.

doi:10.1371/journal.pone.0142852.9002

Angiographic Evaluation

Standardized fundus photographs and FA images were acquired at baseline, and FA was addi-
tionally performed within 1 week after conservative treatment or IAT. FA images obtained at
1-month and subsequent visits were reviewed for evaluation of no-reflow reversal. According
to the baseline funduscopic and angiographic findings, which indicate the arterial obstruction
degree,[16, 18] we divided CRAOQ into incomplete, subtotal, and total CRAO.

In the no-reflow eyes, a round area showing capillary dropout was observed in the macula,
while in the reflow eyes, capillary filling was noted in the macula except the foveal avascular
zone, which is normally observed on FA images (Fig 1). Accordingly, the no-reflow phenome-
non was defined as the presence of a macular area showing capillary dropout or non-reperfu-
sion, excluding the normal foveal avascular zone, in the venous phase of FA (when fluorescein
dye passed the retinal arteries and capillaries). Images were analyzed by two independent
reviewers (SJA and NKR) blinded to patient data. Positive patients were those in whom the no-
reflow phenomenon was identified by both observers.

Retinal Structural Changes

The structural integrity of the 10 retinal layers identified by OCT was assessed (Spectralis OCT;
Heidelberg Engineering Inc, Heidelberg, Germany) and changes in specific retinal layer thickness
or reflectivity were compared between the CRAO and contralateral normal eyes. The central
macular thickness (CMT) was measured using a circular map analysis protocol, which measures
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the distance between the first signal from the vitreoretinal interface and the signal from the outer
border of the retinal pigment epithelium and calculates the average thickness in a 1-mm diameter
circle centered on the fovea. Macular edema (ME) was defined as CMT > 300 pm.[19]

Retinal thickness changes (baseline CMT minus follow-up CMT) were compared between
no-reflow and reflow eyes. The frequencies of ME and other morphologic OCT features were
compared between groups.

Statistical Analyses

Kappa statistics (k) were used for agreement between observers. Baseline demographic/clinical
characteristics, CRAO stage, and OCT features were compared between no-reflow and reflow
eyes using Student’s t test or the chi-square test to identify associated factors. Multivariate
logistic regression using forward selection determined the associated risk factors.

Visual acuity measurements were converted to the logarithm of the minimum angle of reso-
lution (logMAR) for all analyses. The numeric scores for profound low vision (e.g., hand
motion, light perception, and no light perception) were substituted for logMAR values as pro-
posed by Lange et al.[20] Final BCVA and CMT were compared between no-reflow and reflow
eyes. Multivariate stepwise linear regression analysis identified significant predictors of the
final BCVA.

Data for continuous variables are expressed as means + standard deviations, where applica-
ble. Statistical analyses were performed using SPSS for Windows (Ver. 18.0, Statistical Package
for the Social Sciences, SPSS Inc., Chicago, IL). P-values of < .05 were considered statistically
significant.

Results
Patient Characteristics and No-Reflow Prevalence

Table 1 shows the patients’ clinical and demographic characteristics. The incomplete, subtotal,
and total CRAO groups included 32, 63, and 7 eyes, respectively. The mean duration from

Table 1. Clinical and demographic characteristics of the study patients.

Characteristic Number (%) or mean
Male:Female, patients (%) 65:37 (63.7%:36.3%)
Mean age at presentation, years 61.3 + 14.1 (range: 22—85)
Treatment, observation:conservative treatment:1AT (%) 19:8:75 (18.6:7.8:73.5)
Mean follow-up period, months 12.3 + 14.1 (range: 2-57)
Time from symptom onset to visit, hours 17.9 + 24.5 (range: 1-168)
Underlying disease/risk factor

Diabetes mellitus (%) 22 (21.6%)

Hypertension (%) 57 (55.9%)

Hyperlipidemia (%) 19 (18.6%)

Current smoking (%) 15 (14.7%)

History of stroke (%) 14 (13.7%)

History of ischemic heart diseases (%) 11 (10.8%)

Current use of antiplatelet agent (%) 24 (23.5%)
CRAO stage, incomplete:subtotal:total (%) 32:63:7 (31.4%:61.8%:6.9%)
Baseline best-corrected visual acuity, logMAR 2.22 + 0.45 (range: 20/50—NLP)
Baseline central macular thickness, pym 401.7 £ 159.9 (range: 213-925)

CRAO = central retinal artery occlusion; IAT = intra-arterial thrombolysis; NLP = no light perception
Continuous data are presented as mean + standard deviation.

doi:10.1371/journal.pone.0142852.1001
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Table 2. Comparison of clinical and retinal structural characteristics between patients with and without no-reflow phenomenon.

Characteristics
Age, years
Gender, M:F (%)
Risk factors
Diabetes mellitus (%)
Hypertension (%)
Hyperlipidemia (%)
Current smoking (%)
History of stroke (%)
History of ischemic heart disease (%)
Current use of antiplatelet agent (%)
Time from symptom onset to visit, hours
CRAO stage, incomplete:subtotal:total (%)
Baseline BCVA, logMAR
Baseline CMT, um
Macular edema, No. with CMT >300 um/OCT performed
OCT morphologic features
Findings at Baseline
Inner retinal thickening (%)
Loss of layer-by-layer inner retinal structure (%)
Prominent middle limiting membrane sign (%)
Findings at the Final Visit
Photoreceptor disruption (%)

Reflow (n = 63)

59.0+13.8
32:18 (64:36)

12 (19.0)
34 (54.0)
14 (22.2)
10 (15.9)
8 (12.7)
7 (11.1)

19 (30.2)
1924225
31:30:2 (49.2:47.6:3.2)
2.07 +0.49
336.7 + 109.4
29/55 (52.7%)

38/55 (69.1)
22/55 (40)
37/55 (67.3)

27/53 (50.9)

No-reflow (n = 39)

61.8+127
16:10 (61.5:38.5)

10 (25.6)
23 (59.0)
12.8)
12.8)
15.4)
10.3)
5(12.8)
15.9 £27.4
1:33:5 (2.6:84.6:12.8)
2.45+0.23
506.7 + 173.8
31/35 (88.6%)

5(
5 (
6 (
4 (

35/35 (100)
33/35 (94.3)
14/35 (40.0)

26/26 (100)

P value

0.411
0.833

0.431
0.621
0.236
0.672
0.702
1.0

0.045
0.542
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
0.338

<0.001

P values were obtained by Student’s t test for continuous variables and by Fisher's exact test or Chi-square test for dichotomous or ordinary variables.

doi:10.1371/journal.pone.0142852.t002

symptom onset to first visit was 17.9 + 24.5 h, and the mean follow-up period was 12.3 + 14.1

months.

Among the 102 patients (65 men and 37 women; mean age, 61.3 + 14.1 years), the no-reflow
phenomenon was judged to be present in 39 and 42 by two independent reviewers, respectively.

Thirty-nine patients were commonly judged as positive, showing good interobserver agree-

ment (k = 0.939). The incidence of the no-reflow phenomenon among overall patients was
38.2% (39 of 102). The incidence among the patients with IAT-induced and conservative treat-
ment-induced recanalization was 42.7% (32 of 75) and 50% (4 of 8), respectively, and that
among those with spontaneous recanalization was 15.8% (3 of 19). Although there was no sig-

nificant difference in the incidence of the no-reflow phenomenon among the three groups
stratified according to the method of arterial recanalization (P = 0.069; Fisher’s exact test), the
phenomenon was more frequently noted in non-transient CRAO patients in which arterial

recanalization was obtained by treatment.

Risk Factors

Table 2 shows the demographic/clinical characteristics, CRAO stage, and OCT features in the
no-reflow and reflow eyes. The distribution of CRAO stage was significantly different between

groups (P < 0.001; Fisher’s exact test), indicating an association between severe baseline

CRAO and the no-reflow phenomenon. Remarkably, only 1 of 32 patients with incomplete
CRAO exhibited no-reflow, whereas 33 of 63 (52.4%) with subtotal CRAO and five of seven
(71.4%) with total CRAO showed the phenomenon. The baseline CMT was significantly

PLOS ONE | DOI:10.1371/journal.pone.0142852 November 23, 2015
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Fig 3. Anatomical and visual outcomes of eyes with and without the no-reflow phenomenon. (A) Temporal patterns of central macular thickness (CMT)
and (B) 1-month and final changes in CMT in eyes with central retinal artery occlusion (CRAQ). No-reflow eyes show a greater CMT at baseline but a lesser
CMT at the final visit compared with reflow eyes. CMT changes at 1-month and final visits are significantly greater in no-reflow eyes. (C) Temporal patterns of
best-corrected visual acuities (BCVAs) and (D) 1-month and final changes in BCVA in patients with reflow and no-reflow for CRAO. No-reflow eyes show
worse visual function at baseline, 1 month, and the final visit. At the 1-month and final visits, BCVA changes from baseline are greater in the reflow eyes than
in the no-reflow eyes. Error bars denote the upper boundary of 95% confidence intervals. * Statistical significance (P < 0.05).

doi:10.1371/journal.pone.0142852.9003

greater in the no-reflow eyes than in the reflow eyes (506.7 + 173.8 vs. 336.7 + 109.4 pm,
P < 0.001; Student’s t test). The mean baseline BCVA was significantly different between the
no-reflow and reflow eyes (2.45 + 0.23 vs. 2.07 £ 0.49 logMAR, P < 0.001), indicating a signifi-
cantly more edematous macula and poorer baseline visual function in the former (Fig 3).
Among the morphological features identified on OCT (Fig 4), loss of layer-by-layer inner reti-
nal structures and inner retinal thickening was significantly associated with the no-reflow phe-
nomenon, because these eyes showed a significantly higher frequency of these features (94.3%
and 100%, respectively) compared with their counterparts (40% and 69.1%, respectively, both
P < 0.001).

Logistic regression analyses showed that CRAO stage (P = 0.027) and baseline CMT
(P = 0.012) were significantly associated with the no-reflow phenomenon, with an odds ratio
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Fig 4. Structural changes in the retina over time in the reflow (left) and no-reflow (right) eyes for
central retinal artery occlusion (CRAO). An optical coherence tomography (OCT) image of the no-reflow
eye shows loss of layer-by-layer structure in the inner retina and remarkable macular thickening. In contrast,
the reflow eye shows a relatively preserved layered retinal structure at baseline (top) and 1 (middle) and 6
months (bottom) later. Furthermore, the no-reflow eye shows more remarkable retinal thinning than the reflow
eye and loss of an organized layered retinal structure in the macula.

doi:10.1371/journal.pone.0142852.9g004

(OR) of 4.47 [95% confidence interval (CI), 1.19-16.8] and 1.69 (95% CI, 1.12-2.55) per 100-
pm increase, respectively.

No-Reflow Reversal

Among the 29 patients with no-reflow who underwent follow-up FA one month later, seven
showed capillary reperfusion in the previously nonperfused area (Fig 5); the overall incidence
of 1-month no-reflow reversal was 24.1% (Fig 2). All seven patients exhibited capillary reperfu-
sion in the macula at the final visit (mean follow-up: 13.0 = 9.1 months, range: 2-23 months),
whereas the remaining patients exhibited persistently decreased capillary perfusion and
remarkable perimacular arteriolar attenuation at subsequent visits, showing a 24.1% incidence
of final reversal. CMT [254.3 + 28.8 and 235.3+ 53.7 in eyes with and without reversal, respec-
tively; P = 0.509; Mann-Whitney (M-W) test] and BCVA (2.50 + 0.24 and 2.44 + 0.26 log-
MAR, respectively; P = 0.637; M-W test) at 1 month were comparable between the no-reflow
eyes with and without the reversal. The final CMT (227.0 + 38.8 and 196.3 + 38.0, respectively;
P =0.113; M-W test) and BCVA (2.34 £ 0.36 and 2.34 + 0.35 respectively; P = 1.00 by M-W
test) were also comparable between the groups, indicating that no-reflow reversal may have no
significant impact on the final outcome.

Visual Outcomes and Retinal Changes

Fig 3 shows the baseline, 1-month, and final BCVA in the no-reflow and reflow eyes. There
were significant differences in all BCVA values between groups, indicating a significantly poor
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Fig 5. Fluorescein angiography (FA) images of the eye with reversal of no-reflow obtained 3 days (left) and 1 month (right) after treatment (intra-
arterial thrombolysis). The macular area in the eye with central retinal artery occlusion shows capillary dropout (nonperfusion) at 3 days (FA image
obtained 7 min after intravenous fluorescein injection) and demonstrates reversal of no-reflow at 1 month (FA image obtained 4 min and 30 s after fluorescein
injection).

doi:10.1371/journal.pone.0142852.9005

visual function at baseline and at subsequent visits in the no-reflow eyes. Fig 3 also shows the
comparison of 1-month and final BCVA changes (improvement) from baseline between the
no-reflow and reflow eyes. There were significant differences at 1 month and the final visit
(both P < 0.001), indicating a significantly greater visual improvement in the reflow eyes. The
proportion of eyes with a clinically significant visual improvement (>0.3 logMAR)[16, 21] was
significantly different between groups at 1 month (47.1% vs. 18.8%, respectively; P = 0.009)
whereas the difference at the final visit was not statistically significant between the groups
(51.0% vs. 38.7%, respectively, P = 0.282). Multivariate stepwise regression analyses showed a
significant association between the no-reflow phenomenon and the final BCVA [regression
coefficient (B) = 0.370; P = 0.011] and between the baseline and final BCVA (B = 0.862;

P < 0.001).

In eyes with CRAO, retinal atrophy was observed on subsequent OCT images (Fig 4). In
particular, the inner retina showed thinning with an indiscernible layer-by-layer structure,
which was more remarkable in the no-reflow eyes. Among the outer retinal layers, photorecep-
tor disruption was noted in all no-reflow eyes and 27 reflow eyes (50.9%), showing statistically
significant difference between the groups (P < 0.001; Fisher’s exact test).

The final CMT (Fig 3, top left) was significantly lesser (P = 0.014) and the final CMT change
(Fig 3, top right) was significantly greater in the no-reflow eyes (P < 0.001) than in the reflow
eyes. The final CMT was significantly correlated with the final BCVA (correlation coefficient,
—0.364; P = 0.005), explaining the association between visual outcomes and structural changes.

Discussion

This study demonstrated the no-reflow phenomenon in 38.2% CRAO patients after treatment
or spontaneous arterial recanalization. Baseline macular edema and CRAO stage were the most
significant risk factors for the phenomenon. This phenomenon was anatomically associated
with more severe atrophic changes and retinal photoreceptor disruption and functionally with
poorer visual outcomes.

PLOS ONE | DOI:10.1371/journal.pone.0142852 November 23, 2015 9/13
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The incidence of the no-reflow phenomenon was 5% to 50% after successful recanalization
in patients with myocardial infarction,[5-8] and the incidence in acute CRAO eyes in our
study was 38.2%, comparable with that in a recent report on myocardial infarction (35%).[5]
Our results suggest that this phenomenon can occur in the brain after intracranial thromboly-
sis of the culprit artery because the retina is part of the central nervous system. However, visu-
alization of capillary perfusion within the brain and brain tissue changes is very difficult
compared with that of retinal capillaries and retinal neurosensory changes. Therefore, retinal
imaging, including FA and OCT, in CRAO eyes may be an important tool for investigating the
no-reflow phenomenon and may facilitate the understanding of its analogous condition, i.e.,
terminal branch brain infarction.

In particular, OCT highlighted the differences in retinal structural changes over time
between the no-reflow and reflow eyes. Our recent study showed the structure-function rela-
tionship in CRAO using SD-OCT.[22] In the report, CRAO eyes with greater retinal atrophy
and photoreceptor disruption showed worse visual outcomes.[22] For example, the phenome-
non was significantly associated with photoreceptor disruption at the final visit; therefore, the
difference in photoreceptor disruption between the no-reflow and reflow eyes may partly
explain the significant differences in visual outcomes between groups. Because inner retinal
atrophy and associated retinal thinning were also significantly different between the no-reflow
and reflow eyes, significant differences in structural changes between groups may have resulted
in the differences in visual outcomes.

With regard to the pathogenesis of this phenomenon, capillaries are occluded because of
ischemic injury, reperfusion injury, and interstitial and cellular edema that additionally com-
presses the adjacent capillaries.[4, 5] In this study, the area exhibiting the no-reflow phenome-
non corresponded to the area showing edematous changes. Retinal capillaries are present in
the inner retina, which shows more remarkable edematous changes than the outer retina on
OCT images of CRAO eyes. In addition, the monolayer of retinal capillaries around the fovea
may increase the susceptibility of the macular capillaries to the no-reflow phenomenon. How-
ever, at subsequent visits, a small proportion of patients (24.1%) in this study showed no-reflow
reversal with macular edema resolution, suggesting permanent capillary injury in the other
patients. Furthermore, severe ischemia (i.e. subtotal or total CRAQO) was associated with the
no-reflow phenomenon in our study. In previous studies, electron microscopy showed capil-
lary damage and intraluminal capillary plugging associated with neutrophil infiltration in an
animal model of myocardial infarction.[23] Therefore, our data support a multifactorial patho-
genesis, including ischemic/reperfusion capillary injury and retinal tissue swelling that impedes
blood flow into the retinal capillaries.

Our data also showed that this phenomenon can be found more often in permanent CRAO
than in transient CRAO. In the report by Hayreh et al. %, the phenomenon was reported in
cases with transient CRAO and there have been no data on the incidence among subtypes of
CRAO. We speculate that the no-reflow phenomenon may previously have been neglected in
permanent CRAO eyes because these eyes might require little investigation into the cause of
vision loss other than persistent retinal nonperfusion. In contrast, FA of transient CRAO eyes
may have been thoroughly inspected to identify the cause of vision deterioration; researchers
might find that vision loss in some transient CRAO eyes could be associated with the no-reflow
phenomenon. Our results show that the no-reflow phenomenon develops more often in more
ischemic and longer-lasting CRAO, indicating a pathogenic association between the phenome-
non and ischemic damage to the macular capillary endothelium.

The efficacy of IAT is debatable, with previous studies showing variable outcomes.[16, 18,
21, 24] No therapeutic benefits of urgent IAT compared with that of conservative standard
treatment for acute CRAO were shown in a recent randomized trial.[21] As shown in our
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study, the proportion of patients with the no-reflow phenomenon cannot be neglected; conse-
quently, poor visual outcomes in the no-reflow eyes may affect the overall outcomes, resulting
in no visual benefits of IAT over the conservative treatment.[16] However, the phenomenon
may also explain the stage-dependent efficacy of IAT shown in some studies.[16, 18] Eyes with
incomplete CRAO (partial CRAO[25]), which is a milder form of CRAO, were less likely to
exhibit the no-reflow phenomenon after IAT in the present study. Therefore, in this subgroup,
IAT may be anatomically and functionally beneficial. Furthermore, the recent finding on the
association between the degree of ischemia (represented by stage of CRAO) and visual/ana-
tomic outcome([22] can be explained by our finding that more severe stage of CRAO is likely to
have the no-reflow phenomenon.

Our patients with CRAO in whom the duration of retinal ischemia is greater than the retinal
survival time (4 h in experimental studies[26]), showed considerable recovery of vision in the
absence of the no-reflow phenomenon. An experimental study on the retinal survival time in
rhesus monkeys showed that the retina suffers irreversible damage within 4 h after arterial
occlusion.[26] However, visual recovery can occur in eyes with CRAO lasting for longer than
4 h,[14] and the extreme clamping or cutting of the central retinal artery in those experimental
settings[26] may not reflect the actual clinical conditions for human CRAO development.
Although Hayreh et al. claimed that visual improvement after the retinal survival time through
IAT or any other treatment has no scientific rationale,[14, 15] our results showed structural
differences between the no-reflow and reflow eyes. A longer duration of macular nonperfusion
in the no-reflow eyes may have resulted in more atrophic changes in the macula, leading to
more severe vision loss.

Our findings have clinical implications in the treatment of non-transient CRAO and the
prognosis of transient CRAO. Considering that increased CMT and CRAO stage were risk fac-
tors for the no-reflow phenomenon in our study, we suggest a modified treatment strategy for
CRAO. Patients with less severe CRAO or those without macular edema may undergo treat-
ment for arterial recanalization, because successful retinal artery recanalization may ensure
capillary and neurosensory tissue perfusion in these patients, leading to favorable anatomical
and functional outcomes. In cases of transient CRAO, presence of the no-reflow phenomenon
should be carefully assessed in the macula, as it may lead to greater structural damage in the
area and worse visual prognosis, even in patients with a retinal ischemia duration that is shorter
than the retinal survival time.

Our study had several limitations. First, the retrospective design may have resulted in intrin-
sic drawbacks, namely selection bias, although we included all consecutive CRAO patients who
visited our hospital. In addition, the variable follow-up periods limited the results, and prospec-
tive studies with longer, uniform follow-up periods are needed to draw more definite conclu-
sions regarding the final visual outcomes. However, any possible increase in visual acuity after
CRAO usually occurs within the first week after occlusion;[14, 27] therefore, the variable fol-
low-up periods in our study, including short ones in some patients, may not have affected the
final visual outcomes significantly.

In conclusion, our study demonstrated that the no-reflow phenomenon can occur in eyes
with CRAO. The incidence of 38.2% in our study indicates that it is not rare. CRAO may be a
good model for assessing the no-reflow phenomenon, which may lead to worse structural and
functional outcomes. Because macular edema and CRAO stage are the most important risk fac-
tors for the phenomenon, baseline assessment of macular thickness and determination of the
stage may be clinically important for treatment selection and visual prognosis.

PLOS ONE | DOI:10.1371/journal.pone.0142852 November 23, 2015 11/183



@’PLOS ‘ ONE

No-Reflow Phenomenon in Central Retinal Artery Occlusion

Acknowledgments

This work was supported by a grant from the Seoul National University Bundang Hospital
Research Fund (grant number: Grant No. 14-2014-022). The funding organization played no
role in the design or conduct of this research.

Author Contributions

Conceived and designed the experiments: SJA SJW. Performed the experiments: SJA SJW KHP
NKR J-HH. Analyzed the data: SJA SJW KHP NKR J-HH CJ C-HY M-KH. Contributed
reagents/materials/analysis tools: SJA SW KHP NKR J-HH CJ C-HY M-KH. Wrote the paper:
SJTA SJW.

References

1.

10.

1.

12.

13.

14.

15.

Ames A lll, Wright RL, Kowada M, Thurston JM, Majno G. Cerebral ischemia. Il. The no-reflow phenom-
enon. Am J Pathol. 1968; 52(2): 437—-453. PMID: 5635861

Ito U, Ohno K, Yamaguchi T, Tomita H, Inaba Y, Kashima M. Transient appearance of "no-reflow" phe-
nomenon in Mongolian gerbils. Stroke. 1980; 11(5): 517-521. PMID: 7423583

Ito H. No reflow phenomenon in coronary heart disease. J Cardiol. 2001; 37 Suppl 1: 39—42. PMID:
11433826

Ito H. No-reflow phenomenon and prognosis in patients with acute myocardial infarction. Nat Clin Pract
Cardiovasc Med. 2006; 3(9): 499-506. doi: 10.1038/ncpcardio0632 PMID: 16932767

Niccoli G, Burzotta F, Galiuto L, Crea F. Myocardial no-reflow in humans. J Am Coll Cardiol. 2009; 54
(4): 281-292. doi: 10.1016/j.jacc.2009.03.054 PMID: 19608025

Ito H, Tomooka T, Sakai N, Yu H, Higashino Y, Fuijii K, et al. Lack of myocardial perfusion immediately
after successful thrombolysis. A predictor of poor recovery of left ventricular function in anterior myocar-
dial infarction. Circulation. 1992; 85(5): 1699—-1705. PMID: 1572028

Ito H, Maruyama A, lwakura K, Takiuchi S, Masuyama T, Hori M, et al. Clinical implications of the 'no
reflow' phenomenon. A predictor of complications and left ventricular remodeling in reperfused anterior
wall myocardial infarction. Circulation. 1996; 93(2): 223-228. PMID: 8548892

Ito H, lwakura K. Assessing the relation between coronary reflow and myocardial reflow. Am J Cardiol.
1998; 81(12A): 8G-12G. PMID: 9662220

Brosh D, Assali AR, Mager A, Porter A, Hasdai D, Teplitsky |, et al. Effect of no-reflow during primary
percutaneous coronary intervention for acute myocardial infarction on six-month mortality. Am J Car-
diol. 2007; 99(4): 442—445. doi: 10.1016/j.amjcard.2006.08.054 PMID: 17293180

Henriques JP, Zijlstra F, van 't Hof AW, de Boer MJ, Dambrink JH, Gosselink M, et al. Angiographic
assessment of reperfusion in acute myocardial infarction by myocardial blush grade. Circulation. 2003;
107(16): 2115-2119. doi: 10.1161/01.CIR.0000065221.06430.ED PMID: 12695301

Bolognese L, Carrabba N, Parodi G, Santoro GM, Buonamici P, Cerisano G, et al. Impact of microvas-
cular dysfunction on left ventricular remodeling and long-term clinical outcome after primary coronary
angioplasty for acute myocardial infarction. Circulation. 2004; 109(9): 1121-1126. doi: 10.1161/01.CIR.
0000118496.44135.A7 PMID: 14967718

Galiuto L, Garramone B, Scara A, Rebuzzi AG, Crea F, La Torre G, et al. The extent of microvascular
damage during myocardial contrast echocardiography is superior to other known indexes of post-infarct
reperfusion in predicting left ventricular remodeling: results of the multicenter AMICI study. J Am Coll
Cardiol. 2008; 51(5): 552—559. doi: 10.1016/j.jacc.2007.09.051 PMID: 18237684

Wu KC, Zerhouni EA, Judd RM, Lugo-Olivieri CH, Barouch LA, Schulman SP, et al. Prognostic signifi-
cance of microvascular obstruction by magnetic resonance imaging in patients with acute myocardial
infarction. Circulation. 1998; 97(8): 765—772. PMID: 9498540

Hayreh SS, Zimmerman MB. Central retinal artery occlusion: visual outcome. Am J Ophthalmol. 2005;
140(3): 376—391. doi: 10.1016/j.2j0.2005.03.038 PMID: 16138997

Hayreh SS. Acute retinal arterial occlusive disorders. Prog Retin Eye Res. 2011; 30(5): 359-394. doi:
10.1016/j.preteyeres.2011.05.001 PMID: 21620994

PLOS ONE | DOI:10.1371/journal.pone.0142852 November 23, 2015 12/183


http://www.ncbi.nlm.nih.gov/pubmed/5635861
http://www.ncbi.nlm.nih.gov/pubmed/7423583
http://www.ncbi.nlm.nih.gov/pubmed/11433826
http://dx.doi.org/10.1038/ncpcardio0632
http://www.ncbi.nlm.nih.gov/pubmed/16932767
http://dx.doi.org/10.1016/j.jacc.2009.03.054
http://www.ncbi.nlm.nih.gov/pubmed/19608025
http://www.ncbi.nlm.nih.gov/pubmed/1572028
http://www.ncbi.nlm.nih.gov/pubmed/8548892
http://www.ncbi.nlm.nih.gov/pubmed/9662220
http://dx.doi.org/10.1016/j.amjcard.2006.08.054
http://www.ncbi.nlm.nih.gov/pubmed/17293180
http://dx.doi.org/10.1161/01.CIR.0000065221.06430.ED
http://www.ncbi.nlm.nih.gov/pubmed/12695301
http://dx.doi.org/10.1161/01.CIR.0000118496.44135.A7
http://dx.doi.org/10.1161/01.CIR.0000118496.44135.A7
http://www.ncbi.nlm.nih.gov/pubmed/14967718
http://dx.doi.org/10.1016/j.jacc.2007.09.051
http://www.ncbi.nlm.nih.gov/pubmed/18237684
http://www.ncbi.nlm.nih.gov/pubmed/9498540
http://dx.doi.org/10.1016/j.ajo.2005.03.038
http://www.ncbi.nlm.nih.gov/pubmed/16138997
http://dx.doi.org/10.1016/j.preteyeres.2011.05.001
http://www.ncbi.nlm.nih.gov/pubmed/21620994

@’PLOS ‘ ONE

No-Reflow Phenomenon in Central Retinal Artery Occlusion

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Ahn SJ, Woo SJ, Kim KE, Park KH. Association between choroidal morphology and anti-vascular endo-
thelial growth factor treatment outcome in myopic choroidal neovascularization. Invest Ophthalmol Vis
Sci. 2013; 54(3): 2115-2122. doi: 10.1167/iovs.12-11542 PMID: 23462751

David NJ, Saito Y, Heyman A. Arm to retina fluorescein appearance time. A new method of diagnosis
of carotid artery occlusion. Arch Neurol. 1961; 5: 165—-170. PMID: 13720005

Schmidt DP, Schulte-Monting J, Schumacher M. Prognosis of central retinal artery occlusion: local
intraarterial fibrinolysis versus conservative treatment. ADONR Am J Neuroradiol. 2002; 23(8): 1301—
1307. PMID: 12223369

Ahn SJ, Ahn J, Woo SJ, Park KH. Initial dose of three monthly intravitreal injections versus PRN intravi-
treal injections of bevacizumab for macular edema secondary to branch retinal vein occlusion. Biomed
Res Int. 2013; 2013: 209735. doi: 10.1155/2013/209735 PMID: 24066287

Lange C, Feltgen N, Junker B, Schulze-Bonsel K, Bach M. Resolving the clinical acuity categories
"hand motion" and "counting fingers" using the Freiburg Visual Acuity Test (FrACT). Graefes Arch Clin
Exp Ophthalmol. 2009; 247(1): 137—142. doi: 10.1007/s00417-008-0926-0 PMID: 18766368

Schumacher M, Schmidt D, Jurklies B, Gall C, Wanke |, Schmoor C, et al. Central retinal artery occlu-
sion: local intra-arterial fibrinolysis versus conservative treatment, a multicenter randomized trial. Oph-
thalmology. 2010; 117(7): 1367-1375 e1361. doi: 10.1016/j.ophtha.2010.03.061 PMID: 20609991

Ahn SJ, Woo SJ, Park KH, Jung C, Hong JH, Han MK. Retinal and choroidal changes and visual out-
come in central retinal artery occlusion: an optical coherence tomography study. Am J Ophthalmol.
2015; 159(4): 667—-676 e661. doi: 10.1016/j.2j0.2015.01.001 PMID: 25579642

Kloner RA, Ganote CE, Jennings RB. The "no-reflow" phenomenon after temporary coronary occlusion
in the dog. J Clin Invest. 1974; 54(6): 1496—1508. doi: 10.1172/JCI1107898 PMID: 4140198

Biousse V, Calvetti O, Bruce BB, Newman NJ. Thrombolysis for central retinal artery occlusion. J Neu-
roophthalmol. 2007; 27(3): 215-230. doi: 10.1097/WNO.0b013e31814b1f66 PMID: 17895823

QOji EO, McLeod D. Partial central retinal artery occlusion. Trans Ophthalmol Soc U K. 1978; 98(1):
156-159. PMID: 285498

Hayreh SS, Zimmerman MB, Kimura A, Sanon A. Central retinal artery occlusion. Retinal survival time.
Exp Eye Res. 2004; 78(3): 723-736. PMID: 15106952

Fiess A, Cal O, Kehrein S, Halstenberg S, Frisch |, Steinhorst UH. Anterior chamber paracentesis after
central retinal artery occlusion: a tenable therapy? BMC Ophthalmol. 2014; 14: 28. doi: 10.1186/1471-
2415-14-28 PMID: 24612658

PLOS ONE | DOI:10.1371/journal.pone.0142852 November 23, 2015 13/13


http://dx.doi.org/10.1167/iovs.12-11542
http://www.ncbi.nlm.nih.gov/pubmed/23462751
http://www.ncbi.nlm.nih.gov/pubmed/13720005
http://www.ncbi.nlm.nih.gov/pubmed/12223369
http://dx.doi.org/10.1155/2013/209735
http://www.ncbi.nlm.nih.gov/pubmed/24066287
http://dx.doi.org/10.1007/s00417-008-0926-0
http://www.ncbi.nlm.nih.gov/pubmed/18766368
http://dx.doi.org/10.1016/j.ophtha.2010.03.061
http://www.ncbi.nlm.nih.gov/pubmed/20609991
http://dx.doi.org/10.1016/j.ajo.2015.01.001
http://www.ncbi.nlm.nih.gov/pubmed/25579642
http://dx.doi.org/10.1172/JCI107898
http://www.ncbi.nlm.nih.gov/pubmed/4140198
http://dx.doi.org/10.1097/WNO.0b013e31814b1f66
http://www.ncbi.nlm.nih.gov/pubmed/17895823
http://www.ncbi.nlm.nih.gov/pubmed/285498
http://www.ncbi.nlm.nih.gov/pubmed/15106952
http://dx.doi.org/10.1186/1471-2415-14-28
http://dx.doi.org/10.1186/1471-2415-14-28
http://www.ncbi.nlm.nih.gov/pubmed/24612658

