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TANGENTIAL RETINAL DISPLACEMENT
INCREASES AFTER MACULAR PUCKER

SURGERY

An Apparent Nonsense

TOMMASO ROSSI, MD,* GIORGIO QUERZOLI, PuD,7 PAMELA COSIMI, MD,*
GUIDO RIPANDELLI, MD,* DAVID H. STEEL, MD,# MARIO R. ROMANO, MD, PuD§

Purpose: To measure the tangential retinal displacement and vision before and after
macular pucker surgery and study if pars plana vitrectomy with epiretinal membrane
peeling allows the reconstitution of previous anatomy or else it results in a different
configuration.

Methods: Retrospective series of patients undergoing pars plana vitrectomy for
epiretinal membrane, with >6-month follow-up before and after surgery, complete with
best-corrected visual acuity, optical coherence tomography, M-Charts, and infrared reti-
nography. Tangential retinal displacement between earliest visit (Tg), time of surgery (Ty),
and latest available visit (T,) of the examined retina, concentric circles at 0.5, 1.5, and
4.5 mm radii, and the central horizontal and vertical meridians were measured. Tangential
displacement was calculated as the optical flow of consecutive infrared photographs.

Results: The study comprised 32 patients: 15 men and 17 women. Average preoperative
and postoperative follow-up were 23.4 = 27.9 months and 19.2 = 11.8 months, respec-
tively. Best-corrected visual acuity reduced before surgery (0.69 = 0.16 Snellen to 0.46 =
0.17; P < 0.001) and increased after (0.866 = 0.16 Snellen; P < 0.001). Horizontal and
vertical metamorphopsia increased between before surgery but only horizontal metamor-
phopsia significantly reduced after. Average tangential displacement before surgery was
35.6 = 29.9 um versus 56.6 = 41.3 um after (P = 0.023). Preoperative and postoperative
displacement within the fovea was less than over the entire area (P < 0.001).

Conclusion: Retinal tangential displacement between diagnosis and surgery (Te — To) is
less than the displacement occurring after surgery (To — T,). Postoperative displacement
does not represent the restoration of the anatomy existing before the disease ensued but
rather the resulting equilibrium of newly deployed forces.

RETINA 44:610-617, 2024

Primary epiretinal membranes (ERMs) may form
after anomalous posterior vitreous detachment
when hyalocytes and other preretinal cells in remnants
of the adherent posterior hyaloid develop contractile
properties and deform the retina.! Although classified
as a vitreo-retinal interface disease, ERMs cause pro-
found alterations of both the inner and the outer retinal
layers,? especially in the later stages.

Pars plana vitrectomy with ERM peeling, variably
associated with internal limiting membrane (ILM)
removal,? can stop and often reverse visual deteriora-
tion and are widely regarded as an effective treatment
for symptomatic ERMs. Despite symptomatic
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improvement, the ultrastructural changes associated
with the pathogenic process and the restorative mech-
anisms after surgery remain poorly understood.*>

We recently described a novel image analysis
technique aimed at calculating the map of the
displacements in consecutive retinal images and used
it to study the postoperative en face retinal distortion
after ERM peeling.®

The present study aims at reporting retinal displace-
ment and vision function throughout the course of
disease, starting well before surgery was deemed
necessary, shortly after the diagnosis of ERM was
made, and after surgery with a lengthy postoperative
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follow-up. The purpose is to observe if and to what
extent the surgical removal of ERMs reestablishes the
previous premorbid ultrastructural anatomy or rather it
results in a new and different configuration, shaped by
the balance of forces established after the surgery.

Materials and Methods

Study Participants

We retrospectively analyzed the records of all
patients undergoing pars plana vitrectomy and peeling
for idiopathic ERM affecting the fovea and classified
as Stage 2 to 3 according to Govetto et al’ with docu-
mented preoperative and postoperative follow-up >6
months (i.e., before and after surgery). The number of
patients whose data were available per time interval
before and after surgery is reported in Table 1.

All patients received surgery at the IRCCS Bietti
Foundation between January 2019 and June 2022 and
had been operated by a single surgeon. Diagnosis was
confirmed by ophthalmoscopic examination and
spectral-domain optical coherence tomography.

Exclusion criteria were as follows: 1) history of
ocular and specifically macular disorders including
age-related macular degeneration, retinal vascular
occlusions, retinal detachment, trauma, high myopia
(ocular axial length >26.00 mm), and uveitis; 2) his-
tory of systemic diseases, including hypertension and
diabetes; 3) poor imaging quality because of media
opacity; and 4) incomplete medical records.

All patients had at least three visits before and three
visits after surgery. At each visit, they had a full
refraction, best-corrected visual acuity (BCVA) using
Early Treatment Diabetic Retinopathy Study acuity
charts and Snellen visual acuity converted to the
logarithm of minimum angle of resolution units for
statistical purposes and indirect ophthalmoscopy per-
formed. The degree of horizontal and vertical meta-
morphopsia was assessed via M-Charts (Inami, Co,
Tokyo, Japan).®
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Table 1. Number of Patients Available at Each Time
Interval

<T- T- T- T+ T+ T+ T+ >T+
12 12 6 0 3 6 12 18 18

12 19 32 32 32 32 31 18 11

For the purpose of the present study, we defined T-
earliest (Tg) as the very first available preoperative
office visit, Ty as the visit immediately before surgery
(within 7 days), and T-latest (Ty) as the very last
available postoperative visit. All patients provided
written informed consent; the study adhered to the
tenets of the Declaration of Helsinki and received
approval of the local Ethics Committee (ERMLABO1
N° 77/18/FB).

Surgical Procedure

All patients underwent a standard 25-gauge, 3-port
pars plana vitrectomy (using BVI R-Evolution CR800;
BVI Medical, Waltham, MA) with ERM and ILM
peeling with single Brilliant Blue G staining (Mono-
blue, BVI Medical).

Optical Coherence Tomography Image Acquisition

Optical coherence tomography images were
acquired using the horizontal spectral-domain optical
coherence tomography cross-section (an average of
25-30 frames for each B-scan was used to improve
image quality as elsewhere reported, using Heidelberg
Spectralis, Heidelberg, Germany®).

En Face Displacement Measures

En face dislocation was evaluated by measuring the
displacement occurring between pairs of successive
infrared 9 X 9-mm?-wide images acquired as spectral-
domain optical coherence tomography (Spectralis
HRA-OCT, version 1.5.12.0; Heidelberg Engineering,
Heidelberg, Germany) by means of an optical flow
algorithm described elsewhere.® The present study ana-
lyzed the displacements occurring during the preopera-
tive period (Tg — T), the postoperative period (T, —
Tyr), and the entire course of observation (Tg — Ty).

Briefly, the gray images were inverted, and their
details were enhanced by adjusting locally each image
to obtain a flat intensity histogram. The displacements
were measured on a regular grid, using the Farneback
two-frame motion estimation method;!'° then a roto-
translation was subtracted to align the two images.
Finally, the aligned images were further analyzed to
measure the retinal displacements in microns, and the
statistics such as mean values were computed using
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Fig. 1. Regions used to analyze the retinal deformation in Tp — Tg
example image. The yellow lines indicate: (A) the “central” circular
region 0.5 mm in radius; (B) the “perifoveal” region 1.5 mm in radius;
(C) the “parafoveal” region 4.5 mm in radius. The dashed lines indicate
the horizontal and vertical 1-mm-wide regions constituting the “cross-
hair” region where M-Charts project.

the displacement magnitude of the vectors
D = /Dx? + Dy? included in the region of interest.
We analyzed the results (shown as vector fields): 1)
over the whole image; 2) in a crosshair region
consisting of the union of the 1-mm-wide areas
adjacent to a horizontal and a vertical line crossing
on the foveola (horizontal and vertical meridian,
respectively) and corresponding to the region where
the M-Charts lines retinal image forms (Figure 1); 3)
over three circular regions centered on the foveola
with radii equal to 0.5, 1.5, and 4.5 mm (indicated in
Figure 1 with A, B, and C, respectively).
Additionally, the horizontal and vertical component,
Dx and Dy, of the displacement vectors across the entire
9 X 9 mm? area and within the crosshair region formed
by the two 1-mm-wide above-mentioned regions were
evaluated to calculate the predominant component,
respectively, during the (Tg — Ty), (To — Ty), or (Tg

— Tp) periods: a displacement was considered predom-
inantly horizontal or vertical when the Dx > Dy or Dy
> Dx, respectively. Therefore, displacement vectors at
angles comprised in the ranges =45° or 135° to 225°
(i.e., £m/4 or 3/4m = 7/4; horizontal meridian is con-
ventionally attributed 0°) were prevalently horizontal,
whereas vector angles comprised in the ranges 45° to
135° or 225° to 315° (i.e., w/2 = /4 and 3/2mw = w/4)
had a prevalent vertical component. This has been done
to test correlation with M-Charts scoring and to account
for retinal anisotropy.

Main Outcome Measures

The main study outcome measures were BCVA, M-
Charts grading, foveal thickness, and mean retinal
displacement.

Statistical Analysis

Analysis of variance with r-test and #-test for
repeated measures applied to numerical variables were
used to assess changes at different time-points. Bivar-
iate Pearson r correlation coefficient was applied for
continuous variables, whereas Spearman rho and Ken-
dall Tau were used for the assessment of ordinal var-
iables. Shapiro—Wilk test was used for the Gaussian
distribution of data. In all cases, P values <<0.05 were
considered statistically significant.

Results

Visual Acuity, Microperimetry
and Metamorphopsia

Thirty-two patients (15 men and 17 women)
satisfied the inclusion criteria; mean age was compa-
rable between the sexes: 74.1 = 10.1 years for men
and 72.1 = 8.2 for women.

Average preoperative follow-up was 23.4 = 27.9
months (range 6—84 months; median 8 months, inter-
quartile range 15.5 months), and average postoperative
follow-up was 19.2 *= 11.8 months (range 6—48

Table 2. Main Clinical Outcome Measures: BCVA (Snellen Fraction and Logarithm of Minimum Angle of Resolution),
Foveal Thickness, Vertical and Horizontal Metamorphopsias, and Retinal Sensitivity at the Earliest Visit, To, and the Latest

TE P (TE VS. To) T|_ P (TQ VS. TL)
BCVA (Snellen) 0.69 = 0.16 0.46 = 0.17 <0.001 0.86 = 0.16 <0.001
BCVA (logMAR) 0.16 = 0.79 0.33 = 0.76 <0.001 0.06 = 0.79 <0.001
OCT foveal thickness (um) 450.1 = 110.6 460.7 = 125.2 n.s. 386.3 = 61.8 0.003
Horizontal metamorphopsia (°) 0.36 = 0.23 1.15 +£ 0.79 <0.001 0.67 = 0.62 <0.001
Vertical metamorphopsia (°) 0.37 = 0.18 0.89 = 0.77 <0.001 0.81 = 0.61 n.s.
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Fig. 2. Best-corrected visual acuity during follow-up note the decrease
between the earliest visit (Tg) and the time of surgery (Tp) and sub-
sequent recovery.

months; median 13 months, interquartile range 12
months).

Visual acuity is reported in Table 2 and Figure 2 and
significantly reduced from Tg to Ty (0.69 = 0.16
Snellen to 046 = 0.17; P < 0.001) to increase
between T and Ty, (0.866 = 0.16 Snellen; P < 0.001).

Foveal thickness (Table 2, Figure 3) slightly (but
not significantly) increased between Tg and T,
whereas it significantly reduced between T, and T
(P < 0.01).

Both horizontal and vertical metamorphopsia
increased between Tg and T, (Table 2 and Figure 4)
but only the horizontal metamorphopsia significantly
reduced after surgery (T — Ty).

En Face Retinal Displacement

The average retinal en face displacement occurring
over the entire investigated area before surgery (Tg —
To) was 35.6 = 29.9 um versus 56.6 = 41.3 um after
surgery (Tg — Tp), P = 0.023 (Table 3).

The average foveal displacement both preoperative
(Ty — Tg) and postoperative (Ty, — Ty) was signifi-
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cantly less than over the entire area: 14 = 37.4 um (P
< 0.016) and 18.1 = 449 pum (P < 0.001),
respectively.

The retinal en face displacement between Tg and Ty
within the central 0.5 mm radius and 1.5 mm annular
region was significantly lower than the displacement
occurring throughout the entire 9 X 9 mm? area
(Table 3; P < 0.05 for both).

En face displacement between Tg and T, correlated
to optical coherence tomography thickness increase
during the same preoperative time (P = 0.018),
whereas it did not correlate to either metamorphopsia
increase or BCVA decrease. En face displacement
between Ty and T, did not significantly correlate to
optical coherence tomography thickness, BCVA, or
metamorphopsia changes.

Postoperative en face displacement (T, — Ty ) and
throughout follow-up (Tg — T.) showed a normal
distribution (P < 0.01), whereas the displacement in
the preoperative period (Tg — Tp) did not.

Preoperative (Tg — Ty) and postoperative (T — Typ)
vertical metamorphopsia changes showed a significant
correlation with the respective horizontal retinal dis-
placement of the crosshair region showed in Figure 1,
where the M-Charts lines project (P < 0.001 for both).

The horizontal and vertical components of displace-
ment vectors of the entire 9 X 9 mm? central area showed
an erratic orientation (Table 3) with no obvious prepon-
derance of vertical or horizontal components. The 1-mm-
wide crosshair region, spanning 9 mm in width and
height, showed a gradient of displacement like the adja-
cent retina and increasing with eccentricity. However, if
vectors displacement falling within the 1-mm-wide
crosshair were decomposed into their orthogonal compo-
nents (Figure 5), the horizontal and vertical component
of the horizontal strip displaced less in the preoperative

Fig. 3. Foveal thickness during
follow-up.

T Latest
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Fig. 4. Vertical (A) and hori-
zontal (B) metamorphopsia dur-
ing follow-up.
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period (Tg — Ty) than in the postoperative period (T, —
Ty; Table 4), and both displaced significantly less than
any other considered retinal area (analysis of variance;
Table 4; P < 0.01).

Discussion

Retinal deformation is the hallmark of vitreoretinal
interface syndromes, and surgery is intended to correct
the pathogenic mechanism to allow anatomical and
functional restoration. However, given the inconsistent
association between anatomical and functional
changes,!! surgery is more often based on vision loss
and increase of metamorphopsia than on observed ret-
inal displacement.

The present study used the same method previously
described as an objective measure of retinal tangential
dislocation after ERM peeling® and extended its appli-
cation to the preoperative period, immediately after the
diagnosis of ERM and well before a decision for sur-
gery was made. Although the exact time of onset of
ERMs is virtually impossible to define, including a
lengthy preoperative follow-up allowed us to study a
prolonged period of the disease, including the changes
leading to surgery.

Both BCVA, foveal thickness, and metamorphopsia
significantly worsened between Ty and T, (Table 2,
and Figures 2 and 3), prompting surgical indication.
The postoperative results of our series match most of
the current literature, in vision gain, foveal thickness
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reduction, and horizontal metamorphopsia improve-
ment!2 (Table 2).

Vertical metamorphopsia did not improve significantly
after surgery (Table 2), a notion somewhat difficult to
explain, already observed by Mieno et al.!* and even by
Amsler'* back in 1953 who also reported a greater defor-
mation for horizontal compared with vertical lines. It is
worth mentioning that to perceive as “distorted” a hori-
zontal line, the points that compose it must be dislocated
vertically and vice versa; therefore, horizontal dislocation
mostly affects vertical lines perception, whereas vertical
dislocation does the opposite, an observation already
proposed by Ichigawa et al.'>

Interestingly, the average macular displacement
occurring between diagnosis and surgery (Tg — T,),
and theoretically representing the very reason for treat-
ment, is less than the one occurring after surgery (T, —
Ty ; Table 3). In other words, the retina deforms more
after the surgery than before (Figure 6). Even more
puzzling, the average displacement of 65 wm (Table 3)
between the first and the last visit (Tg — Ty) shows that
the postoperative displacement by no means represents
a “rewinding” of the preoperative pathogenic mecha-
nism. There is no restoration of the former “healthy”
anatomy; the resulting new retinal architecture simply
represents a balance of the new forces released after
ERM (and ILM) peeling reaching a new and different
equilibrium, likely characterized by lower internal
stresses in the tissue (Figure 6).

Then why and how do vision and metamorphopsias
improve? If the retina does not reestablish previous

Table 3. Average En Face Retinal Displacement Vector (in um) of the Entire 9 x 9 mm? Area and Concentric Circles
Centered on the Foveola

To — TE T, —To P T, — Te
Entire 9 x 9 mm? area 35.6 = 29.9 56.6 = 41.3 <0.05 65.0 = 42.0
Region A: R < 0.5 mm 14.0 = 374 18.1 = 449 n.s. 14.8 = 68.1
Region B: R < 1.5 mm 16.3 £ 424 23.7 = 46.6 n.s. 26.5 = 63.8
Region C: R < 4.5 mm 22.7 = 446 37.6 = 574 n.s. 39.9 + 69.0
Vertical foveal strip 1 mm 30.0 = 33.3 48.6 = 34.2 <0.01 60.3 = 47.7
Horizontal foveal strip 1 mm 31.9 £ 34.5 41.7 = 36.7 <0.05 54.5 + 42.8

The 1-mm-wide crosshair region centered on the fovea has been divided into vertical and horizontal foveal strips.
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Table 4. Overall Horizontal and Vertical Displacement Vector Decomposition of the Entire 6 x 6 mm? Area and 1-mm-Wide
Central Crosshair

To — Te T.—To P T — Te
Overall horizontal displacement 20.8 £ 29.1 36.4 = 35.1 0.049* 38.3 = 37.0
Overall vertical displacement 21.5 = 28.6 40.1 = 40.5 0.037* 426 = 41.2
Horizontal foveal strip horizontal 18.5 = 26.0 26.0 = 47.1 0.043* 33.6 = 35.6
displacement
Horizontal foveal strip vertical 6.1 = 38.4 26.6 = 29.6 <0.001* 10.9 = 45.2
displacement
Vertical foveal strip horizontal 141 =175 23.8 = 23.8 0.06 29.2 = 31.8
displacement
Vertical foveal strip vertical 21.4 = 30.1 29.5 = 28.5 0.27 38.3 = 40.5

displacement

Note that the central crosshair has been divided into its horizontal and vertical strips and for displacement vectors belonging to each
strip decomposed into their respective orthogonal horizontal and vertical components.

*Statistically significant difference.

anatomy but dislocates even more, why does function
improve?

Most likely, ERM peeling releases the internal
tension of the retina and the cellular elements regain
a better function, possibly because of a reduction of
kinking at the level of bipolar, ganglion, and Miiller
cells'® and the reduced interference with cytokines
production and signal transduction.!”

What are the forces that shape preoperative and
postoperative retinal architecture?

Vertical Line

Module 30.0 £ 33.0

rizontal Component: 14.1 + 17.5
ical Component: 21.4 + 30.1

Pre-Op: TO - TE

Horizontal Line
Module 31.9 £ 34.5
Horizontal Component: 18.5 + 26.9
Vertical Component: 6.1 + 38.4

A

e

Overall: TL-TE

Horizontal Line
Module 54.5 £42.8
Horizontal Component: 33.6 + 35.6
Vertical Component: 10.9 + 45.2

C

B e T P
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Vessels and, specifically, the vascular arcades
contained in the superficial vascular plexus represent
the stiffer retinal structure!® together with the ILM,
whereas Miiller cells transect all retinal layers con-
tributing to the layered anatomy.!® Our data (Tables
3 and 4) showed the erratic disposition of dislocation
vectors throughout the macula with the notable
exception of the crosshair centered on the fovea:
the vertical dislocation of the horizontal arm and
horizontal dislocation of the vertical arm are less

Vertical Line

Module 48.6  34.2

orizontal Component: 23.8 + 23.8
tical Component: 29.6 + 28.5

Post-Op: TL-TO0

Horizontal Line
Module 41.7 + 36.7
Horizontal Component: 26.0 + 47.1
Vertical Component: 26.6 + 29.6

Vertical Line

Module 60.3 +47.7

orizontal Component: 29.2 + 31.8
tical Component: 38.3 + 40.5

Fig. 5. Schematic drawing of the average macular dislocation vector decomposition across the orthogonal components in the (A) preoperative, (B)
postoperative, and (C) overall follow-up period. Note how despite a similar average vector modulus, the horizontal and vertical components in the (A)
Tg — Tp and (B) Ty — T, periods are differently represented, evidence of a significant increase in vertical displacement of the horizontal strip

postsurgery.
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Fig. 6. Patient 31 displacement vectors. Ty — Tg (A) refers to the dislocation occurred between the earliest visit 84 months before surgical indication
and immediately before surgery (T); note the erratic changes throughout the macula. T, — Ty, (B) shows the postoperative dislocation vectors between
T, and 24 months after surgery; note how those vectors do not simply represent the opposite of the deformation occurred before surgery (A). Tg — T
(C) summarizes the entire preoperative and postoperative follow-up, spanning 9 years (108 months). The dislocation vectors show clearly how different

retinal topography at the end of follow-up is, compared with Tg.

prone to deformation in the preoperative time (Tg —
Ty; Table 4).

It is conceivable that the formation of ERMs?%-2!
may randomly contract the retinal surface and inner
layers’ along any given axis, whereas the symmetric
anatomy of the vascular arcades around the horizontal
line transecting the fovea opposes to vertical distor-
tion. Miiller cells with their trans-retinal extension
and specifically the stiff ILM?? would equally oppose
to any applied force, regardless of orientation. This is
consistent with our and Tung et al*® observations,
showing a prevalent foveal horizontal displacement
vector between Tg — T (i.e., before surgery, Figure 5).
Indeed, this very resistance to tangential deformation,
imposed by retinal stiffness, may be at least in part
responsible for the functional decrease and explain the
improvement after surgery, despite further tangential
displacement and maybe thanks to it.

After surgery, in fact, ERM and ILM peeling
releases internal retinal tension, and the structures
are free to move in all directions, thus explaining the
much greater representation of the tangential vertical
component of dislocation vectors (Table 4, Figure 5).
It should be noted that the ILM is almost invariably
violated during ERM peeling, and large fragments of
the Miiller cells®* peeled off even when the ILM is not
deliberately removed, as is the case in this surgical
series. Furthermore, most vital dyes themselves signif-
icantly alter the mechanical properties of the ILM.?>

In summary, we applied an already tested objective
measure of retinal tangential displacement to ERM
patients with a lengthy preoperative and postoperative
follow-up, showing there is more dislocation after
surgery than before and that functional improvement

does not necessarily correspond to anatomical or at
least topographical restauration. We also were able to
show the differential displacement of the foveolar and
crosshair regions possibly related to a peculiar anat-
omy and maybe selected across the evolution of the
visual system to preserve the foveal function from the
consequences of inflammatory retinal wrinkling.

We accept that there are limitations to our study,
including the use of infrared pictures that “flatten” all
retinal details, thus losing the ability to consider the
possible sliding of different retinal planes, and the fact
itself that most “visible” details picked up by the
image analysis algorithm are vessels, while other
structures’ motion may be underrepresented or ne-
glected. These areas are already the subject of ongoing
research.

Key words: metamorphopsia, epiretinal membrane,
macular pucker, retinal layer, retinal displacement.
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