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Abstract
Background To study the demography, various morpholog-
ical patterns and fluid dynamics of the smokestack leak by
fluorescein angiography (FA) in central serous chorioretin-
opathy (CSC).
Methods Part I (clinical): review of the medical records and
angiographic documents of 69 consecutive cases of CSC
with smokestack leak. Part II (experimental): documenta-
tion of the movement of various concentrations of
fluorescein dye due to convection currents in a laboratory
model that roughly represents a closed chamber similar to
that of CSC in human eyes.
Results The clinical study (Part I) revealed that 14.40% of
479 consecutive cases had smokestack leak, of which 70%
occurred in first acute episode (p-value: <0.001), 27.14% in
acute recurrent episodes (50% fresh leak) and 2.85% in
chronic stage. Patients were predominantly male (84.05%)
with a median age of 34.00±8.14 years. The median
symptom duration excluding the chronic cases was 15±
34.28 days. This type of leak was mostly (48.57%) seen in
medium-sized CSC, and the majority were in the parafoveal
superonasal quadrant (31.42%). The ascending type of leak

was predominant (94.28%). In four eyes, an atypical pattern
and in two eyes more than one smokestack leak were seen
within the same detached area. The experimental study
(Part II) demonstrated that fluid containing a low concen-
tration of fluorescein ascended due to convection currents,
whereas highly concentrated dye descended.
Conclusions The clinical study revealed smokestack leaks
to be significantly more common in a primary acute
episode, and they usually develop in the early part of the
acute phase of the disease (average duration 15±34.28
days). Rarely, this type of leak can occur in the chronic
stage, and multiple leaks may develop in the same detached
space. The various patterns of dye movement due to
convection currents in the experimental model resembled
the dye movement in certain cases of CSC of the present
series. The experimental study also hinted at the probability
of drainage of unbound fluorescein molecules along with
protein-laden heavy fluid in downward spread of the leak.

Keywords Central serous chorioretinopathy . Smokestack
leak . Oncotic pressure . Rayleigh–Bénard convection .

Rayleigh number . Boussinesq convection . Subretinal fibrin

Part I: Clinical study

Introduction

In 1961, Novotny and Alvis [1] perfected the technique of
fluorescein angiography (FA) to study the human retinal
circulation, which led to better understanding of many
retinal diseases including central serous chorioretinopathy
(CSC). In this particular disease, FA revealed leaks in
retinal pigment epithelium (RPE), which are seen in about
95% of all cases of all types of this ailment [2]. Of the
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varied angiographic manifestations, smokestack leak is
considered to be the classic CSC leak. Although Shimizu
and Tobari in 1971 [3] drew the attention of the ophthalmic
fraternity to this type of leak, interestingly they did not coin
this term. They described it as “upward diffusion” of
fluorescein dye. In 1973, Wessing [4] described it as
“fluorescein flag”, though he found a similarity of this leak
with that of smoke arising from a chimney, whereas
Burton’s article [5] which was published 1 year earlier
had the mention of “smokestack” or “vertical appearing
leak”. This type of leak usually manifests itself as a point
leak from the RPE at the arterio–venous or early venous
phase of the angiography, which gradually increases in size
during the mid-phase and begins to ascend; and after
reaching a certain height, the dye sometimes extends either
nasally or temporally in such a way that it resembles a
smokestack. But often the ascending column of the dye on
the top level spreads in all directions, resembling a
mushroom or umbrella. Some investigators [3, 6] have
documented change in direction of the ascending dye on
change of posture of the patient. It has also been observed
that in general, sensory retinal detachments (SRD) having
this type of leak was larger than those with other types of
focal leak [7]. Rarely, the dye spreads inferiorly or
horizontally [6, 8]. The reported prevalence of smokestack
leak in literature varies from 7% to 29% [3, 4, 6, 9, 10].
Review of literature revealed that certain aspects of fluid
dynamics of this phenomenon still remain unanswered, and
the facts that require attention are:

(1) Why does each and every case of acute CSC not
develop “smokestack leak”?

(2) Why does the dye spread in horizontal and downward
direction in some cases in spite of patient being in
erect posture?

(3) Why, in some cases, does the dye ascend initially
vertically, but thenmove upwards in an irregular pattern?

(4) Why does the speed of entry of dye differ?
(5) What is the role of convection current?
(6) Is it possible to have different concentrations of

protein /or different density of fluid within the
detached space? If so, how can it be explained?

Keeping these queries in mind, this study (Part I) in
addition to the demographic data analysis, aims at under-
standing the fluid dynamics of the smokestack phenomenon
in clinical cases by analyzing the various morphological
patterns on FA and the probable risk factors.

Methods and materials

For the present study, we define “smokestack leak” as a
stream-like spread of the fluorescein dye on FA in the sub-

sensory retinal space through a leaking point in the
attached/detached RPE, irrespective of its size, ultimate
shape or direction of spread. A leak was considered to be
vertical when it initially moved upwards, horizontal when it
moved in the horizontal direction away from the upper limit
of detachment without any significant vertical spread, and
downward when the column of the dye descended from the
leaking point. Acute CSC was defined as a blister-like
serous detachment usually occurring in the macular area
with angiographic evidence of single or multiple leaks in
the RPE in absence of any evidence of inflammation,
degeneration, or tumor in the choroid, and with signs and
symptoms lasting not more than 6 months. Acute CSC
could be primary (first acute episode) or recurrent acute
episodes. This study has followed the classification of CSC
into single resolving, recurrent resolving, recurrent chronic
and chronic type based on its clinical course, which had
been documented earlier [11]. As regards the size of CSC,
Fig. 1 shows the various reference sizes and the geometrical
calculations on which these sizes were based. When the
detached area had an oval shape or slightly irregular
configuration, the longest dimension of the detachment
was taken into consideration. Figure 2 shows the empirical
division of various quadrants of the central fundus for
location of leaks and PEDs. The area within the vascular
arcade was empirically divided into four quadrants with the
intersecting axes at the foveola, leaving a central circular
area covering the foveal avascular zone (FAZ). The four
quadrants were again divided into two parts by drawing a
circle around the FAZ with a radius of one disc diameter in
the horizontal meridian. This zone was considered to be the
parafoveal zone (PFZ).

The cases with smokestack leak in CSC as defined for
this study, irrespective of previous laser treatment, were
selected for detailed analysis. It total, 479 of 567 cases of
CSC attending the “Pragjyoti Eye Care Centre”, Guwahati,
India from January 1998 to June 2008 had undergone
fluorescein angiography. Of these, 69 cases (14.40%) had
been identified with smokestack phenomenon. One of these
cases had bilateral smokestack leak. Cases with an old
history of CSC without any symptoms related to it, and
associated retinal vascular disease that may adversely affect
the function of macula, were excluded from the study.
Hence, to avoid confusion, one case with diabetic macul-
opathy having co-incidental CSC with a downward spread
of dye was also excluded.

Eyes having smokestack phenomenon were analyzed with
special emphasis to age, sex, laterality, primary/recurrent
CSC, size of CSC, duration of symptom, location of the leak,
leak from undetached RPE or from PED, leak from previously
laser treated area, direction of flow of fluid and the varied
morphology of the spreading stream of the dye. All the cases
had comprehensive ophthalmological examination by slit-
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lamp biomicroscopy, red-free fundus photography and fluo-
rescein angiography (Kowa RC-XV3, Japan). While doing
FA, during the last 4 years of the study period, the cases with
smokestack leak were followed up for half an hour.

This study had the approval of the “Ethics Committee”
of the Institute.

Statistical analysis

Data were processed using SPSS 11.5 for Windows.
Median as a measure of central tendency was preferred to
avoid extreme values in case of duration data. The Chi-
square statistic was used to test for the significance of
proportions for different types of CSC. While analyzing the
risk factors, the Z-test for difference of proportions was
used, considering only the recorded cases.

Results and observations

The various salient features of smokestack phenomenon
and analysis of its probable risk factors are presented in
Tables 1, 2, 3. The median age of the patients with
smokestack leak was found to be 34±8.14 years. This type
of leak was found to be more common in the first acute
(primary) episode of the disease (70%) than in the recurrent
acute episodes (27.14%). In recurrent acute cases, 50% of
the leaks occurred with fresh RPE rent, either from the
undetached RPE (25%) or from the previously present non-
leaking PED (25%). Most of the leaks were of typical
ascending type (94.28%), though the size and extent of the
dye spread varied (Fig. 3). As regards the location of
smokestack leak, the para-foveal superonasal area as

Fig. 2 Shows the division of the area between the vascular arcades of
the fundus for location of the various types of RPE leaks and PEDs,
with the intersecting axes at the foveola, leaving the foveal avascular
zone (FAZ). The ultimate divisions are foveal avascular zone (FAZ),
parafoveal superior nasal (PFSN), parafoveal superior temporal
(PFST), parafoveal inferior nasal (PFIN), parafoveal inferior temporal
(PFIT), superior nasal (SN), superior temporal (ST), inferior nasal
(IN), and inferior temporal (IT) zones

Fig. 1 Shows the reference
sizes of small (a), medium (b)
and big (c) CSCs. d shows the
geometric measurements. The
‘small’ detachment had a radius
of one disc diameter in the
horizontal axis around the geo-
metric centre of the detachment,
the ‘medium’ had in between
one and two disc diameters, and
the ‘big’ had more than two disc
diameters
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defined for the present study had the maximum number of
leaks. The leak was found to arise from PED in 25.71% of
affected eyes, and the leakage usually occurred through a
micro rent in the detached RPE, or as profuse leakage from
all the decompensated cells. (Fig. 4). The smokestack leaks
were mostly seen in medium-sized CSC. As regards the risk
factors, only the difference of proportion for mental strain
was found to be significantly high (Table 3), but it could
not be a specific risk factor for smokestack leak, as CSC
itself is a stress-related disease.

In this series, we observed two cases of CSC with more
than one smokestack leak within the same detached area
(Figs. 5 & 6). Both the cases had recurrent acute episodes.
In two primary cases, two adjacent point leaks were found
to enlarge and coalesce, which then ascended as a single
smokestack leak.

The morphological variation was seen in four eyes of
four patients (5.71%) with smokestack phenomenon. In
three eyes, the dye was found to spread upwards in a zig
zag manner which appeared to be due to spiraling /twisting
of the ascending column (Figs. 7 & 8). In another eye, the
ascending column of the dye developed a double umbrella
type of spread (Fig. 9) resembling the column of smoke
arising from an exploded bomb.

This series had a 52-year-old case who had a profuse dye
leakage from all the detached RPE of a PED in CSC on his
first visit, and was found to have a smokestack leak from
the same PED on his subsequent visit after 65 days.

This series had two cases of CSC, which developed
smokestack leak even in the chronic stage. One of them,

Parameter Findings

Number of patients (of 479 consecutive cases) 69 14.40%

Males (of 69 cases) 58 84.05%

First acute episode (of 70 eyes) 49 70.00%

Recurrent acute episode (of 70 eyes) 19 27.14%

Chronic episode (of 70 eyes) 2 2.85%

Median age of the patients with smokestack leak 34±8.14 years.

Median symptom duration (primary + recurrent acute cases) 15±34.28 days.

Size of CSC (of 70 eyes):

- Big 28 40.00%

- Medium 34 48.57%

- Small 4 5.71%

- Dull retina 4 5.71%

Presence of fibrin (of 70 eyes) 8 11.42%

Presence of subretinal precipitates (of 70 eyes) 40 57.14%

PED inside CSC (of 70 eyes) 18 25.71 %

PED outside CSC (of 70 eyes) 12 17.14%

BCVA on first visit 6/6=4.3%; 6/9=12.o%; 6/12=18.6%;

6/18=17.1%; 6/24=5.7%; 6/36=15.7%;

6/60=7.1%; <6/60=18.6%.

Table 1 Salient features of his-
tory and physical findings of
CSC cases with smokestack
phenomenon

Table 2 Salient features of smokestack leak (70 eyes)

Parameter N %

Number of smokestack leaks:

- Single 68 97.14%

- Multiple 2 2.85%

Direction of spread:

- Vertical 66 94.28%

- Horizontal 4 5.71%

- Descending 0 0.00%

Location of SS leak:

- Para-foveal superonasal 22 31.42%

- Superior nasal 10 14.28%

- Para-foveal inferonasal 11 15.71%

- Para-foveal supero temporal 8 11.42%

- Central 7 10.00%

- Inferior temporal 5 7.14%

- Para-foveal infero temporal 4 5.71%

- Superior temporal 2 2.85%

- Outside vascular arcade 1 1.42%

Leak from RPE 52 74.28%

Leak from PED 18 25.71%

In recurrent episodes (12 eyes—excluding eyes with no record &
multiple leak):

- Egress from previous leak 1 8.33%

- Egress from previous laser treated leak 2 16.66%

- Egress from new leak in intact RPE 3 25.00%

- Egress from previous PED 3 25.00%

- Egress from previous window defect 1 8.33%
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aged 45 years, had a SRD of 7 months duration. FA
revealed a slowly ascending plume of dye which faded
away within 8 minutes. The other case was 22 years old,
who came to us with CSC of 18 months duration. This case
also had a slowly ascending column of dye.

Discussion

As has been mentioned earlier, the prevalence of smoke-
stack leak in CSC in the literature varies from 7% to 29%.
Variation in prevalence rate of any condition usually occurs

Risk factors No. of eyes Percentage P-value Significance

Stress

Mental strain

- Yes 45 67.2% 0.000 SIGaat 1%

- No 9 13.4% 0.000

- Not recorded 13 19.4%

Physical strain

- Yes 12 17.9% 0.000 SIG at 1%

- No 42 62.7%

- Not recorded 13 19.4%

Hypertension

- Yes 25 37.3% 0.063 NSb

- No 40 59.7%

- Not recorded 2 3.0%

Diabetes

- Yes 4 6.0% 0.001 SIG at 1%

- No 63 94.0%

Gastritis

- Yes 16 23.9% 0.02 SIG at 5%

- No 33 49.3%

- Not recorded 18 26.9%

Tobacco

- Yes 16 23.9% 0.50 NS

- No 20 29.9%

- Not recorded 31 46.3%

Alcohol

- Yes 13 19.4% 0.09 NS

- No 23 34.3%

- Not recorded 31 46.3%

Steroid before the episode 2 3.0%

Steroid after onset of the episode 8 11.9%

Table 3 Analysis of risk factors

# Z-test for difference of pro-
portions was used, considering
only the recorded cases.
a SIG – significance.
b NS – not significant.

Fig. 3 a A small smokestack
leak. b A fairly large column of
dye ascending upwards. Both
cases had medium sized CSC
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due to lack of uniformity of the definition of that particular
condition, or due to geographic environmental factors or
ethnic variation. The definition of smokestack leak in the
present study encompasses all possible morphological
variations of the leak, and the prevalence rate turned out
to be 14.40%.

This study has revealed that fresh RPE leaks are usually
required for the development of smokestack leak, as the
leaks are seen in 70% of the cases with primary episode (p-
value: <0.001 — Chi-square statistic). It has also been
observed that in recurrent acute cases, 50% of the leaks
occur with fresh RPE rent, either from the undetached RPE
(25%) or from the previously present non-leaking PED
(25%). This finding also deserves attention, as it indicates
that the smokestack leak requires a fresh RPE micro-rent,
which is likely to be wider than the chronic leaking points.
These leaks were mostly seen in the para-foveal super-
onasal area as defined for the present study. Earlier studies
[3, 4, 7, 10] also found a preponderance of all types of RPE
leaks in this area. It is difficult to explain why this
particular area is vulnerable to the development of RPE

leaks. An increased hydrodynamic stress [12] and/or lack of
sodium/potassium adenosine triphosphatase (Na/K ATPase)
pump in this location [13] might be responsible for it.
Friberg and Campagna [7] observed that cases associated
with smokestack leak had significantly larger detachments
than those with round focal leaks, but they did not
specifically mention how big these detachments were. They
believed that profuse smokestack leaks were invariably
present in extensive serous detachments. One earlier report
[5] also had a similar view. The present series found it to be
more common in medium-sized CSCs as defined for this
study, and also observed that unusually large CSCs were
less frequent than medium-sized ones (Table 1). Though
rare, this type of leak was also seen in small CSCs. So, it is
not necessary that smokestack leak invariably leads to a
huge detachment. The present study found this type of leak
to occur mostly within 6 weeks of the acute phase of the
disease. But amazingly, this phenomenon was also ob-
served in two chronic cases. The presence of smokestack
phenomenon beyond the usual period of recovery indicates

Fig. 6 Shows FA findings of the right eye of a patient aged 43 years
having recurrence of CSC 16.50 years after the primary episode.
Duration of the recurrent episode was 20 days. He had three adjacent
point leaks just below the FAZ. The main ascending leak was from the
central point leak, but in late phase, two faint columns of dye
ascending from the adjacent spots could be appreciated (arrows).
Patient had a smokestack leak from a point above FAZ in the primary
episode, which was treated by laser and never recurred in that spot

Fig. 5 Shows the FA findings for a 40-year-old patient on his fifth
recurrence of acute CSC in the right eye since 4 days. The main
ascending leak is from a PED inside the CSC, and the second leak is
from a previously laser treated spot or a point adjacent to it. It started
developing after about 10 minutes of dye injection, and by 20 minutes
it took the present shape

Fig. 4 a The angiogram of a
male patient aged 44 years with
recurrent acute CSC of 7 days
duration, showing a smokestack
leak arising from a rip in the
RPE at the margin of a PED. b
The angiogram of a female
patient aged 30 years having
almost identical size of CSC and
a PED inside the CSC. All the
detached cells of this PED are
leaking profusely, whereas the
PED outside the detachment is
not leaking at all
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either continuation of the pathological process in a sub-
acute manner, or impending recurrence of the acute
episode.

To understand the fluid dynamics of this phenomenon,
we will have to explore the basic pathophysiology of CSC.
This ailment is now considered to be a condition charac-
terized by an idiopathic choroidal vascular hyperperme-
ability [14]. Several indocyanine green angiography
(ICGA) studies [15–20] have shown presence of multiple
hyperpermeable areas in the choroid, and FA leaks have
been found to be contiguous with such areas [18–20]. A
recent OCT study [21] found PED (91%) and RPE bulge
(89%) in the areas of choroidal vascular hyperpermeability.

It is difficult to explain why certain areas in chorioca-
pillaris become hyperpermeable. Several studies [17–20]
have observed delayed filling of segments of choriocapil-
laris prior to the development of hyperpermeability. This
had been attributed to a decrease in arterial perfusion in
these segments. Decreased arterial perfusion means oxygen
deprivation. Experimental studies [22, 23] have shown that
oxidative metabolism is critical for the maintenance of

retinal adhesions and integrity of cell junctions and barrier.
Kitaya et al. [17] were of the opinion that small, localized
ischaemic regions caused by non-perfusion or vasocon-
striction of the choriocapillaris may induce collateral
choriocapillary congestion around this region. However; a
decrease in venous outflow of these areas may also have the
effect of delaying the observed dye filling. This may create
a pressure overload and cause choroidal vascular hyper-
permeability [14]. Several ICGA studies [16, 18] noted
choroidal venous dilatation, though no explanation was
offered for it. One earlier study [24] also suggested the
possibility of pathological changes in the choroidal veins,
particularly in the intrascleral part, in CSC cases. One
experimental study [25] was able to produce posterior pole
serous retinal detachment in five out of nine monkey eyes
by occluding one or two vortex veins.

As the choriocapillaris is fenestrated, the interstitial fluid
within the choroid can be expected to have a large range of
molecules. Normally resorption of fluid and protein
molecules within the choroid primarily occurs by free
exchange through this fenestrated choriocapillaris, and

Fig. 8 a The bifurcation, twist and upward deviation of the column of the dye. b The diagrammatic presentation of the main column of the dye. c
The late phase of the angiogram, showing widening of the column of the dye due to diffusion

Fig. 7 Findings of a patient with chronic recurrent type of CSC showing a spiraled ascending column of dye (b) arising from a central point leak
(a). c The diagrammatic presentation of the ascending column of the dye
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some excess amount is also drained through the sclera [14].
In acute CSC, the amount of fluid and solutes are definitely
more than the RPE cells normally can cope with.
Ultimately, RPE barrier damage occurs in certain areas in
CSC, which appears to be secondary to excessive work
load of the ionic pumps. Whatever may be the mechanism
to jeopardize the normal functioning of RPE cells, some of
the cells ultimately decompensate and start leaking fluid
which would move towards the retina, as there is less
resistance in this direction. Decompensation of the RPE
cells could sometimes be visualized while doing FA in
cases of CSC with PED. On several occasions, we observed
sudden diffuse dye leak from all the RPE cells of the PED
about 10 minutes after dye injection, but not all the PEDs
leak like this. Several investigators [7, 14, 15, 26–29] have
observed that the increase in interstitial hydrostatic pressure
in the choroid drives the fluid towards the retina, and leads
to the development of PED and microrips at the junction of
attached and detached RPE, or along the decompensated
RPE cells that cause fluid leak into the subretinal space.
The micro-rents usually occur in the parafoveal region, and
more so in the superonasal quadrant. This area is probably
more hypoxic. Kitaya et al. [17] observed foveal choroidal
blood flow in eyes with CSC to be 45% less than in the
fellow normal eyes. Several OCT studies [30–33] have
noticed thickening of retinal layers in acute CSC. This
finding is noteworthy, and it definitely indicates that
enough serous fluid enters the retinal stroma in the acute
phase of the disease, and this fluid ultimately opens up the
potential space between the RPE and the sensory retinal
layers. The retinal separation usually occurs in the posterior
pole where the leaks develop. Once the detachment occurs,
it would be expected to enlarge until sufficient RPE is
exposed to allow removal of fluid at a rate equal to the
inflow rate through the leak [7]. Thus, the subretinal space
has a dynamic environment into which, and from which,
there is a continuous flux of water, ions, and protein [34].
Negi and Marmor [35] observed that the presence of protein
in serous fluid slows resorption in CSC by raising the
oncotic pressure of the subretinal space to a level near that

of the choroid. Asayama’s experimental study [36] showed
that even 24 hours after injection of human albumin into the
subretinal space, most of the protein remained in this space,
and only a small amount penetrated the external limiting
membrane, which appeared to be the most resistant retinal
structure. But albumin was found to cross the iodate-
damaged RPE, although slowly [34]. So, in a clinical
condition like CSC, in which there is RPE barrier damage,
it seems that the protein can move in either direction. In
CSC, protein in the subretinal fluid may concentrate as
smaller ions are pumped out [35]. Phase boundary between
gels or colloids, as well as a liquid, can act as a selective
barrier [37]. It can be presumed that the cations attached to
the dissolved proteins will also produce some extra osmotic
pressure by the Donnan effect.

The presence of fibrin in the detached space itself
indicates that there is sufficient alteration in the permeabil-
ity of the choriocapillaris and the RPE [14]. The fibrin
monomers form a gel, which is a colloid system consisting
of long colloidal particles forming a ‘brush-heap’ type of
structure, in which the liquid is trapped in little pools [38].
Probably this fibrin network, formed inside the detached
cavity of CSC, produces pockets of fluid of different
density. In the present series, presence of fibrin was
clinically suspected in 11.42% of affected eyes.

In FA, the portion of the dye (20%) which is not protein-
bound actually fluoresces [39] and, through the RPE
functional hole or micro-ent, it enters the detached space
along with the fluid due to solvent drag. Shimizu and
Tobari [3] believed that the osmotic pressure gradient
between the two fluid systems leads to unidirectional fluid
flow through the functional hole in the pigment epithelium,
that is, a kind of bulk flow occurs. They were of the
opinion that the thermal current is not responsible for the
smokestack phenomenon. But according to Marmor [40],
much of the spread of fluorescein seen angiographically
may represent diffusion and convection rather than net fluid
influx. The diffusion constants for fluorescein are such that
dye merely diffusing through a focal RPE defect could stain
a typical serous detachment within minutes to hours

Fig. 9 FA findings for a 37-
year-old patient with first acute
episode of 3 days duration. a An
ascending leak from upper mar-
gin of FAZ and a PED below it.
b The late-phase findings for the
same eye showed no change in
the PED, but the upper leak
developed a double umbrella
type of spread of dye (arrows).
This is a late-phase photograph;
the dye had already diffused
from the main column, making
the picture slightly fuzzy
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without any flow being postulated at all. He also believed
that in smokestack leak there is an entry of low-density
fluid, but convection currents would move this fluid
upwards. According to him, entry of fluid into the serous
cavity still does not necessarily mean that there is a net
transfer of fluid. A recent study [26] believed that in
addition to the role of convection currents and the
molecular weight difference between the Fluorescein
molecule and the subretinal exudates, a bigger micro RPE
rip is needed for the development of smokestack leak. We
also believe it to be one of the factors for development of
this phenomenon, as all the RPE leaks in the acute phase of
the disease are not smokestack leaks. Several OCT studies
[31, 41, 42] have shown presence of hyperdense protiena-
ceous material along with clear fluid in the subretinal space
in many cases. In the present study, subretinal fibrin
clinically seemed to be present in 11.42% of eyes with
smokestack leak. So, there are enough supportive data to
infer that the subretinal fluid in CSC is hyperdense, which
of course may not be uniform through out the detached
space. It is quite likely that the oncotic pressure in this
hyperdense fluid will be more, and the flow of fluid will
reverse at the level of RPE. It appears that the interstitial
hydrostatic pressure initiates the process, and as soon as the
oncotic pressure, which is also a form of hydrostatic
pressure, builds up within the detached space, both the
forces act simultaneously, coordinating with each other to
maintain the detachment. However, Marmor [40] observed
that presence of protein in the sub-retinal space (SRS) does
not itself induce or maintain a serous detachment. His
opinion was based on the fact that a rapid absorption of
fluid occurs in rhegmatogenous retinal detachment after
sealing of the retinal hole, and demonstrated a rapid exit of
the fluid from the subretinal space in experimental animals,
leaving behind the protein. But the biochemical and/or
biophysical conditions leading to rhegmatogenous retinal
detachment in human eyes and the mechanically induced
serous detachment in experimental animals are not exactly
the same as that of CSC in human beings, Moreover,
presence of protein, although it builds up the oncotic
pressure, will probably not prevent the pumping out of the
fluid by the normal functioning RPE, or the rate of drainage
of protein from the subretinal space will be slower than that
of the fluid part.

The phenomenon of convection currents definitely plays
an important role in the fluid movement inside the detached
space. To produce convection currents in the detached
space, there would have to be sufficient heat generation in
the overlying choroid. Friedman [24], who suspected that
CSC might be a manifestation of a failure of the
thermoregulatory function of the choroid, felt that the
peculiar concurrent pattern of vessels in the posterior
choroid, in which the blood in both the short ciliary arteries

and vortex veins flow in the same direction (that is,
anteriorly) might have some non-nutritional function.
According to him, in such a situation heat should be
dissipated from the choroid. In CSC, something goes wrong
in the thermoregulatory mechanism of choroid, but he did
not spell out what exactly could happen. He was probably
hinting at a local rise of temperature in the choroid instead
of dissipation. Present analysis of the sequence of events in
the pathophysiology of the smokestack phenomenon also
suggests it. The hyperpermeable areas of the choriocapilla-
ris must be warmer than the rest of the capillary bed.
Friedman [24] observed that when heat is introduced into
the system in the region of the capillary it tends to be
trapped by being short-circuited from a warmer vein to a
cooler artery, resulting in a local elevation of temperature.
Current movement during convection may be invisibly
slow, or it may be obvious and rapid [43]. Application of
laboratory fluid dynamics, especially Rayleigh–Bénard
convection, to the fluid dynamics of the serous fluid in
CSC, would probably explain the various morphological
patterns of the smokestack leak. Rayleigh–Bénard convec-
tion [44] is the instability of a fluid layer which is confined
between two thermally conducting plates, and is heated
from below to produce a fixed temperature difference. In
CSC, the RPE layer and the detached sensory retina
represent the thermally conducting plates with fluid layer
in between. When heat is fed into the system from one
direction (in the case of CSC it is the choroidal side) at
small values, it merely diffuses (conducts) from below
upward, without causing fluid flow. As the heat flow is
increased, above a critical value of the Rayleigh number, a
bulk motion of the fluid due to heat begins. In fluid
mechanics, the Rayleigh number [45] for a fluid is a
dimensionless number associated with the heat transfer
within the fluid. It is defined as the product of the
relationship between buoyancy and viscosity within a fluid
and the relationship between the momentum diffusivity and
thermal diffusivity. Viscous damping in the fluid directly
opposes the fluid flow. In addition, the thermal diffusion
will suppress the temperature fluctuation by causing the
rising plume of hot fluid to equilibrate with surrounding
fluid, destroying the buoyant force [43].This is what exactly
happens in typical smokestack leak. As the temperature
difference between the top and bottom of the fluid becomes
higher, the viscosity may begin to significantly vary
horizontally across layers of fluid. This breaks the
symmetry of the system, and generally changes the pattern
of upward- and downward-moving fluid. As the Rayleigh
number is increased even further above the value where
fluid movements first appear, more complex patterns, such
as spirals, may begin to appear. But we do not know yet
how much of temperature variation can occur in the choroid
due to development of hyperpermeability. If it can really
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exceed the critical Rayleigh number, this could be a
probable explanation for the atypical movement of the
stream of dye in certain cases with smokestack phenom-
enon. If we study the clinical photographs Figs. 7 and 8,
it appears that spiralling or twisting movements of the
column of the dye occur in the subretinal fluid of CSC
cases. The speed of movement of the plume of heated fluid
depends upon temperature gradient. This explains the
variation in the speed of entry of the dye inside the
detached cavity. In some cases, the dye really ascends with
considerable speed. This series had two cases of chronic
CSC with a slowly rising plume of dye on FA. A slow-
rising plume of dye definitely indicates less heat generation
in the choroid.

Viscosity of the serous fluid inside the detached area is
definitely not uniform; otherwise, we would have seen only
the Boussinesq convection [43] as we see it inside the
anterior chamber of the eye. It is a known fact that viscosity
diminishes as temperature rises. So the fluid freshly entering
from the choroid is likely to be less dense than the fluid
already existing inside the detached cavity. A very interesting
case series was recently reported by Shukla et al. [41]. This
small series of CSC cases demonstrated fibrinous deposits in
the subretinal space bridging the RPE of PED and the
detached sensory retina, and showed some unusual pattern of
fluorescein dye leak. In one case, after transpupillary
thermotherapy, the fibrinous material disappeared and the
PED flattened. Interestingly, the anomalous leaking pattern
also changed to typical smokestack leak once the loculation
of the serous cavity had gone. It indicates that convection
currents definitely plays a role in smokestack phenomenon,
and a comparatively homogeneous fluid space is required to
develop the typical pattern. It is now quite apparent that the
variation in the morphology of this type of leak is due to
altered fluid current dynamics in the presence of hyperdense
substances such as fibrin in the serous cavity.

Lastly, how to explain the low prevalence of smokestack
leak in acute cases of CSC? In addition to the increased tissue
hydrostatic pressure in the choroid and the size of the micro-
rip in the RPE, a third factor, that is, the temperature gradient
in the choroid, definitely plays a role in the production of
smokestack phenomenon. It may be that the rise of temper-
ature in the choroid exceeding the critical value of the
Rayleigh number may not be there all the time during the
acute phase of the disease and FA may miss this critical
period, or it may be that the heat generation in the choroid in
acute phases of CSC may not be uniform in all the cases.

As the clinical aspect of this study is mostly retrospec-
tive, certain drawbacks such as inadequate data for analysis
of the various parameters could not be avoided. With the
progression of the analysis of the data, we have realized
that at times the smokestack phenomenon can develop at a
later phase of the angiography. It is likely that we might

have missed some cases, as the cases were not followed up
for a prolonged period of time while doing FA in the early
part of the period chosen for this study. However, in spite of
the limitations, the following points emerge from the
present study:

(1) Smokestack leaks usually occur in fresh RPE rent and
70% occur in first (primary) acute episode.

(2) They usually develop in the early part of the acute
phase of the disease.

(3) The leakage site does not differ from that of other
types of RPE leaks.

(4) Convection currents play a major role in the produc-
tion of smokestack leak.

(5) Temperature gradient in the choroid may not be
uniform in all the acute cases of CSC and this may
be another important factor for low prevalence of
smokestack leak.

(6) Rayleigh–Bénard convection appears to explain its
varied morphological manifestations.

(7) Presence of material such as fibrin in the subretinal
space alters the fluid dynamics and produces the
atypical pattern of the smokestack leak.

(8) Rarely, it can occur in chronic cases and in small-sized
detachments, and more than one leak can be seen
within the same detached space.

Part II: Experimental study

Introduction

Identical fluorescein to dye leakage that we see in CSC in
human eyes has been seen in monkey eyes having serous
detachment of the sensory retina produced by repeated
intravenous injection of epinephrine and intramuscular
corticosteroids [46]. Anatomically, the structure of monkey
eyes closely resembles that of human eyes. But if we want
to study the fluid dynamics in such an experimental model,
it will not differ much from the human eyes. The findings
of FA to assess the fluid dynamics will be similar, and the
inferences will be mostly hypothetical. As the analysis of
the movement of the fluorescein dye in the clinical study
has indicated that heat generation in the choroidal side is
required for the development of smokestack leak, we
contemplated producing this phenomenon in the laboratory
model to see whether these findings could be correlated
with the findings of clinical cases.

Methods and materials

A small bottle containing diluted fluorescein, the mouth of
which was covered by a stretched latex rubber sheet taken
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from surgical gloves, with a fine hole in its centre made by
a 26-gauge needle, was placed horizontally on the bottom
of a large beaker containing a solution. After trial with
various concentrations of the fluorescein dye and various
types of solutions, we settled for three different concen-
trations (0.10 mg/ml, 10 mg/ml and 40 mg/ml) and two
types of solution in the beaker, either 250 ml of isotonic
balanced salt solution (‘Irigan’ solution; Manufactured by
Klar Sehen Pvt. Ltd., Hyderabad, India) or 250 ml of the
same solution mixed with almost the total quantity of the
white of an egg weighing 56 gm. As electrolytes are the
primary factors in the regulation of the osmotic pressure of
plasma, we preferred balanced salt solution, and in one
sample egg white was added with the idea of increasing the
colloid osmotic pressure further. However, addition of egg
white did not make any significant difference to the naked
eye, as it was found to settle on the bottom of the beaker
even after stirring it well. Assuming that the concentration
of injected 3 ml of 20% fluorescein dye (manufactured by
“Samarth Life Sciences Pvt. Ltd.”, Mumbai, India) will be
around 0.12 mg per ml when it is mixed with 5 liters of
circulating blood volume in an adult, the experiment was
started with a solution containing 0.10 mg of fluorescein
per ml. The beaker was heated by spirit lamp flame just
below the horizontally placed bottle, and the changes in the
fluid dynamics were photographed.

Our experimental model was practically a copy of
Marmor's model [40], in which he tried to show how the
dye can enter a closed space without any net accumulation
of fluid. However, we placed the small bottle containing the
dye horizontally, and tried to immerse it in a solution
presumed to be of higher osmotic pressure.

Results and observations

In the experimental study, when the small bottle contain-
ing the dye was placed at the bottom of the beaker

containing both the types of solution, no bulk flow was
observed. When it was heated from below, the dye with
low concentrations up to 10 mg/ml ascended. The
ascending column of the dye showed various twisting
and spiraling patterns (Fig. 10a, b). In contrast, the
concentrated dye (40 mg/ml) had descended in spite of
heating it for some time (Fig. 10c).

Discussion

In the laboratory, if we do not use animals, production of a
physiological environment identical to CSC in human
beings will never be possible with commonly used
equipment. However, the experimental model that we
adopted for this study at least demonstrated the change in
fluid dynamics of the fluorescein dye due to convection
currents, which could be compared with the dye movement
in some of the CSC cases of the present series (Figs. 7 &
8). Marmor [40] in his experimental model, by tapping the
perforated membrane over a bottle of methylene blue,
within a large beaker of water, was able to eject a small puff
of dye into the surrounding water, and observing this he
inferred that probably vascular pulsations in the choroid or
movement of vitreous and sclera during saccades could in
this manner force small aliquots of choroidal fluid through
an RPE defect without any net inward flow. Our experiment
had shown that heat from one side is needed to produce the
movement of the column of dye. No doubt, by pressing the
perforated covering membrane of the small bottle contain-
ing dye, one can produce ejection of the dye, but if
choroidal pulsation or saccadic movement of the eye were
responsible for leakage of dye in CSC, the RPE leakage,
particularly the smokestack leak, would have been pulsatile,
or its intensity would have increased or decreased with the
movement of the eye. Our crude laboratory experiment also
revealed another interesting finding—a downward spread
of the concentrated dye in spite of heating it for a

Fig. 10 a The horizontally lying bottle with diluted fluorescein dye (0.10
mg/ml) within a beaker with only balanced salt solution. The column of
the dye is seen to ascend with a twisting movement. b The same
experiment done with a concentrated solution (10 mg/ml) in the bottle.
The main column of the dye ascended with a spiraling movement. c The

downward spread of the dye from the bottle containing a concentrated
solution (40 mg/ml). The column of dye showed a tendency to go up
after heating it for some time, but still it could not overcome the
gravitational force of the concentrated dye, rather it remained horizontal
for some time
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considerable period of time (Fig. 10c). This showed that the
fluid having the unbound concentrated dye is heavier, and
the convection currents could not overcome its gravitational
force. Now, does this finding can also explain the
downward or horizontal spread of the fluorescein dye in
occasional cases of CSC? In that case, the dilution of the
fluorescein dye being constant, the fluid containing the
unbound dye would have to be heavier. Do these sporadic
cases leak more protein-laden heavy fluid? Or is it due to
the variation in the viscosity of the subretinal fluid which
prevents upward spread of the dye? One clinical study from
Japan [47] suspected drainage of protein-rich transudate in
inferiorly directed smokestack phenomenon, particularly in
the bullous type of detachment.
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