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Abstract: 

Proteus syndrome arises as a result of a post-zygotic mosaic activating mutation in the AKT1 

oncogene, resulting in disproportionate overgrowth of affected tissues. A number of ocular 

complications have also been reported. We present a unique finding in a patient with 

Proteus syndrome, fulfilling the clinical criteria with molecular confirmation (3)(15), who 

was found to have misaligned foveal architecture and additional segmental retinal 

dysfunction in her right eye. Pattern electroretinography and multi-focal ERG findings 

demonstrate retinal dysfunction, which was correlated with structural alterations identified 

with ultrawide-field imaging and optical coherence tomography of the maculae. We 

propose this patient has an asymmetric development of her fovea as the result of AKT1 

mutation, either through disruption in the AKT1 pathway or disproportionate inner retinal 

growth. 

 

 

 

Introduction 

Proteus syndrome (PS) is a rare condition which causes overgrowth of many tissues with a wide 

phenotypic variation [1]. These findings are uniquely the result of a recurrent post-zygotic mosaic 

variant in the AKT1 oncogene [2].  Clear clinical criteria have been defined, which differentiate this 

condition from other segmental overgrowth disorders [3]. Fulfilment of the criteria require a mosaic 

distribution of lesions, spontaneous occurrence and progressive course. Although genetic 

confirmation of AKT1 mosaicism may contribute to the clinical diagnosis of PS, AKT1 mosaicism 

alone is not pathognomonic for a diagnosis of PS [4].  



  Proteus syndrome manuscript 
V5.6   

3 
 

 

There have been a number of reports detailing the ophthalmic complications associated with PS with 

a wide phenotypic variation including strabismus, nystagmus, retinal pigmentary abnormalities, 

cataract, optic nerve anomalies and hamartomas [5, 6, 7] . Many of the reported case series of 

ophthalmic involvement in PS pre-date the introduction of strict clinical criteria and genetic basis, 

which explains the wide ophthalmic phenotype. The missense change in AKT1 (c.49G>A, 

p.(Glu17Lys)) was identified with unique features suggesting PS is a distinct clinical and genetic 

entity compared to other segmental overgrowth syndromes [2,8]. This more recent classification 

suggests some earlier literature may report ophthalmic complications associated with separate 

segmental overgrowth syndromes that are different from our current understanding of Proteus 

syndrome. Turner et al. reassessed the PS literature and demonstrated that only 47.3% of published 

cases met the diagnostic criteria for PS [1]. Despite this, subsequent reports meeting the new 

diagnostic criteria with genetic basis still show a broad ocular polymorphism, but empirical 

ophthalmic investigation in PS is still lacking  [5, 7, 9-12]..  

 

The phenotypic heterogeneity in Proteus syndrome warrants an ophthalmic examination in all 

patients with this rare condition. We describe a 12-year-old female patient diagnosed with Proteus 

syndrome who attended for ophthalmic review with no visual complaints. Unexpectedly we found a 

highly unusual ocular phenotype of unilateral foveal misalignment and sector retinal dysfunction, 

which to the best of our knowledge has not been reported in a patient with AKT1 mosaicism.   

 

Case report  

We describe a twelve-year-old female with a mild phenotype of AKT1 mosaicism. Her first sign was a 

keratinocytic epidermal naevus on her right cheek identified when she was 5yrs old. This epidermal 
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naevus slowly progressed to fullness over her periauricular and mandibular areas resulting in 

hemihypertrophy. Magnetic resonance imaging (MRI) age six years demonstrated asymmetry of 

facial tissues, with an additional focal osteoma in the right external auditory canal associated with a 

maximal conductive hearing loss in the right ear. Further examination age seven revealed 

hemihypertrophy of her tongue with misaligned teeth and asymmetric pigmentation differences 

within the right side of the oral cavity. At age eight years MRI revealed asymmetric skull overgrowth 

of the right forehead. Genetic studies demonstrated a somatic activating mutation (c.49G>A, 

p.Glu17Lys) in the oncogene AKT1 and she fulfilled the strict diagnostic criteria for PS [3]. This 

patient’s clinical and genetic features have been described previously [13].  

 

The genetic diagnosis and right skull overgrowth prompted an ophthalmic review. Initial examination 

recorded subnormal right eye (RE) visual acuity of LogMAR 1.300 ,but normal left eye (LE) acuity -

0.060; Ishihara colour vision  was subnormal RE, 6/11 plates and normal LE, 11/11 plates. Cycloplegic 

refraction was more myopic in the RE, with RE -1.25/-0.25x90 and LE +0.25/ 0.25x100. The anterior 

segment, inter-ocular pressure and optic nerve appearance were within normal limits. There was no 

relative afferent pupil defect and ocular movements were full, with no evidence of strabismus to the 

Hirschberg test. The RE fundus appeared to have paramacular and peripheral pigmentary changes 

and the LE had a normal fundus appearance). 

 

The patient was referred for visual electrophysiology testing and ocular imaging. Ultrawide-field 

fundus imaging (OPTOS®, Dunfermline) to red-green colour and fundus autofluorescence were 

unremarkable in the LE (Figure 1c &1d), but the RE demonstrated diffuse, mottled pigmentary 

changes in the periphery, with increased hyper- fundus auto fluorescence (FAF) at the macula, 

extending horizontally and peripherally towards the inferior-temporal retina (Figure 1a & 1b). 

Optomap imaging, whilst not true-colour, utilises red and green lasers to construct a colour ultra-

wide field image which utilises the characteristics that red lasers have deeper penetration to scan 
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from the RPE to choroid, whereas green laser from the sensory retina to RPE superficial layers. Axial 

Optical Coherence Tomography (OCT) (Spectralis ,Heidelberg Engineering Inc.) was performed 

performing axial single scans and through volumetric scans across the maculae. The macular layers 

were segmented and the Outer Nuclear Layer (ONL) and Retinal Ganglion Cell Layer (RGCL) 

thicknesses observed as a function of thickness at each macular (Figure g-j). These showed an 

atypical foveal architecture in the RE, where the characteristic distal foveal thickening of the outer 

nuclear layer was markedly misaligned and displaced temporally with respect to the foveal pit 

alongside sectoral atrophy of the outer retinal layers seen (Figure 1e, 1g, 1h), unlike the left macular 

which was normally formed (Figure 1f, 1i, 1j). 

    Figure 1 around here  (legend in appendices) 

Pattern reversal VEPs (prVEPs) were obtained from a transoccipital electrode array referred to Fz 

with a 250ms epoch time-locked to a large (30°) field high contrast pattern stimulus reversing at 3 

rev/sec to large (50’) and small (12.5’) check widths comparable to ISCEV standards [14]. The prVEPs 

from the RE produced a highly atypical broad bifid waveform comprising early and late positive 

peaks which were time-locked to the stimulus, rather than spurious as would be expected with 

noise/background electroencephalogram activity. Those from the LE were within normal reference 

limits (92-115ms) (Figure 2). Pattern electroretinograms (PERGs) were recorded using DTL fibre 

electrodes referred to an outer canthus electrode produced to a range of check widths presented 

binocularly in a large (30°) and small (14°) field with high contrast at a 3rev/sec rate in line with 

ISCEV standards [15]. The PERG from the 30 degree field showed a subtle inter-ocular difference of 

P50 reduction and delay which appeared more evident to higher spatial frequencies, with the 14 

degree field PERG also demonstrating P50 amplitude reduction and delay in the RE relative to the LE 

(Figure 2). Multi-focal ERGs (mfERG) were recorded to a 61 hexagon stimulus with DTL fibre 

electrodes referred to an outer canthus reference  binocularly to ISCEV standards [16] after pupil 

dilation and refractive correction demonstrated typical macular response topography in the LE, 
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however the RE mfERG showed a reduced foveal peak with broad, small responses from the 

temporal macular area concordant with the anomalous imaging findings (Figure 2). MfERGs and 

PERGs were also recorded monocularly after binocular testing to exclude potential for eccentric 

fixation, though this is unlikely as the patient had central fixation during OCT testing (supplementary 

figure 1). All electrophysiological data was recorded using the same equipment (Diagnosys LLC, 

Cambridge, UK). Previous MRIs were re-examined and very subtle globe asymmetry was detected 

with subtle nasal flattening and bulging of the temporal globe of the RE (Figure 1).   

    Figure 2 around here (legend in appendices) 

Discussion 

Proteus syndrome is consequent upon a somatic activating mutation of AKT1, encoding AKT1 kinase, 

an enzyme responsible for cell proliferation and apoptosis [2]. This case has uniquely demonstrated 

that the reported symptomology of Proteus syndrome, largely comprising asymmetric tissue 

overgrowth, can manifest within the retina. This patient’s ocular phenotype of an unusual 

misaligned foveal architecture and segmental retinal dysfunction in association with with AKT1 

mosaicism has not been previously reported to our knowledge. 

 

AKT1 is a downstream effector of phosphoinositide 3-kinase (P13K), with its activation shown to 

improve cell survival. AKT1 is one of three AKT isoforms. Although AKT2 and AKT3 are similar 

biologically, their mode of activation and function are distinct [17]. Activation of AKT1 has been 

demonstrated to be an important moderator of metabolism, apoptosis and transcription processing 

in a variety of retinal genes [18,19]. Two protein phosphatases, PHLPP and PHLPPL, that control 

downstream AKT signalling are expressed in the retina and play an essential role in retinal 

neuroprotection [20,21]. An impairment of the P13K/AKT pathway can disrupt these phosphatases 

causing unregulated photoreceptor metabolism and apoptosis [22]. In our patient, we observed 
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distal photoreceptor atrophy of the temporal macula region extending into the periphery, which 

may be concordant with disturbed PHLPP-PHLPPL phosphatase function resulting in photoreceptor 

death. It is interesting in our patient that the inner retinal structure remained mostly undisturbed, 

suggesting that AKT kinase isoforms play a role in photoreceptor neuroprotection and not bipolar or 

horizontal cell neuroprotection. This view would be supported by studies examining light-induced 

cell death properties of Akt1 in mice, where Akt1 was found to bind to rod-photoreceptor outer-

segments [20]. It has been proposed in Akt1 knockout mice that Akt1 deletion has little effect on 

photoreceptor cell death, rather  Akt2 disruption is more accountable for light-induced apoptosis 

[21]. The AKT2 isoform is a key mediator of insulin action, as such its dysfunction results in mild 

overgrowth, but also severe insulin dependent hypoglycaemia and progressive obesity. These 

features were not evident in our patient [23,24]. It seems that light exposure would play a minimal 

role in the progression of retinal dysfunction in isolated AKT1 mutations.   

 

The structural foveal misalignment found in our patient is highly unusual.  The potential mechanism 

behind this is complex and likely involves an interplay of factors. It is known that during foveal 

development, cone photoreceptors exhibit tight ‘packing’ whilst elongating through concentric 

migration toward the fovea [25,26]. Although the later formation and specialisation of the inner 

retina and depends upon centrifugal migration of cells away from the fovea, the exact mechanisms 

of foveal pit generation and its relationship with the cone-packing migration remains uncertain [27]. 

Given that the development of the fovea occurs concentrically, it is highly unusual that this patient 

exhibited horizontal distortion of her foveal pit in relation to the outer plexiform thickening (OPL).  

Comparison with this patient’s normal fellow left eye (LE) demonstrated that the outer plexiform 

thickening was symmetrical for each eye, at the fovea centralis, whereas it appears that the inner 

retinal layers forming the foveal pit were displaced laterally in the right (RE), but with symmetrical 

morphology. It may be, therefore, that there is disjointed communication between the centripetal 

elongation and packing of cone photoreceptors into the fovea versus the centrifugal movement of 
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inner retinal neurons from the fovea. The mechanism behind this change is uncertain and it is 

possible that this structural displacement was  acquired later in the patient’s development and after 

normal foveal development.  

 

The first theory would be that the disjointed signalling might be due to the mutation affecting the 

activation of the PI3K-AKT pathway during a critical period of retinal specialisation and foveal 

development. A second theory would be that this change is  secondary to the AKT1-P13K disruption 

resulting in the sectoral retinal atrophy [2]). It has been demonstrated in-vivo that inner-retinal 

layers migrate before outer retinal layers during foveal development, with full maturation lasting 

until at least twelve years of age [28]. However, previous studies have described that inner retinal 

centrifugal migration is complete between 6-40 weeks post-natally [29]. In the developing retina, 

mosaicly formed neurons move tangentially to accommodate new cells and preserve regular cell 

spacing [29,30]. AKT1 mutations can manifest at any age of development [2]. Therefore, a localised 

dystrophic process in the retina during this period of critical specialisation may have resulted in loss 

of cellular homogeneity disrupting the mechanical retinal cell assembly and/or signalling, causing a 

misaligned foveal architecture.  

 

A third theory may be asymmetric mechanical distortion of the inner retina. It has previously been 

proposed that mechanical stretching of the retina through growth controls this migration of inner 

retinal layers [31], which was confirmed in-vivo [28]. It is possible that the patient has subtle orbital 

asymmetry, resultant or coexisting with her right forehead overgrowth, which may be related to the 

small myopic astigmatism. A potential orbital asymmetry may affected the migration of inner retinal 

neurons through asymmetric retinal stretching, where the foveal dip has been laterally shifted and 

affected more than outer retinal layers. The differences between the migration trajectories and time 

for complete migration would be compromised and could account for this disproportionate and 
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misaligned fovea. Conversely, it is known that disruption in the PI3K-AKT pathway may contribute to 

myopia progression, which in its mosaic form may have only been expressed in the temporal globe 

in our patient and therefore may reflect a change that occurred after foveal differentiation [32,33]. 

 

Multifocal electroretinography shows reduced retinal sensitivity over the temporal dystrophic outer 

layers of the RE. Perhaps most interestingly, the mfERG response from the ‘foveal’ hexagon was 

smaller relative to hexagons horizontally adjacent. This finding was verified by testing monocularly 

following binocular testing, with central fixation confirmed from the en-face OCT view. Within 

mfERG, responses, an initial negative component (N1) originating from off-bipolar and 

photoreceptor cells is shortly after followed by a positive response (P2) from on- and off-bipolar cells 

in the healthy retina [34]. Although contributions from photoreceptor cells to the N1 are higher in 

the central foveolar in our case, there is an attenuated foveal peak which indicates low foveal cone 

photoreceptor contribution. In contrast, P1 bipolar cell derived components appear preserved over 

the area of skewed outer segment bunching, where we may expect the high density of cone 

photoreceptors. This suggests that the functional integrity of the photoreceptor-bipolar interface in 

this distorted fovea is preserved sufficiently enough to allow signal transduction.  

This further supports the mechanical distortion theory. The PERGs produced by smaller check widths 

emphasised the inter-ocular difference, but due to the spatial summation the PERG slightly 

underestimates the extent of macula dysfunction and the mfERG provided more valuable functional 

information of localised retinal topography. Nevertheless, the findings highlight  the benefit of both 

large and smaller ISCEV standard field size PERGs to provide some information of the extent of 

macula dysfunction. 
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Conclusion 

We demonstrate a unique case of foveal misalignment and sector retinal dysfunction in a patient 

with AKT1 mosaicism who fulfils the criteria for Proteus syndrome. Our findings expand the clinical 

ocular phenotype of this rare genetic disease and present a new and highly unusual retinal 

dysmorphism which to our knowledge, has not been reported previously. To account for these 

unusual findings we have proposed disruption of the AKT1-P13K pathway and/or inner-outer layer 

growth miscommunication as potential mechanisms, alongside a theory of mechanical distortion 

due to myopic changes or triggers in globe shape. As our patient had no complaints of visual 

symptoms prior to our investigations, despite an large inter-ocular acuity difference, it seems 

prudent for all patients with Proteus syndrome, who often have asymmetric tissue involvement, to 

have ophthalmological assessment to exclude underlying ophthalmic disease. Imaging and visual 

electrophysiology were important in this case to delineate the structural and functional 

consequences of AKT1 mosaicism in the eye. 

Patient consent: 

Institutional research approvals were given for this case-note review (reference: 19SS12); patient 

consent was waived by the IRB for use of these anonymised data. 
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Figure 1 – Ophthalmic imaging findings in this patient.  
Panels a-d are ultra-wide field retinal images. Figure 1a demonstrates a horizontal line of hyper FAF in the right macula with some peripheral extension into 
the inferior temporal retina (red arrows). Figure 1b highlights generalised peripheral mottled pigmentary change in the RE with an abnormal appearance in 
the inferior temporal retina. Figure 1c and 1d show the normal appearance of the fundus FAF and red-green wide-field colour images in the fellow  LE. 
Figure 1e is an OCT axial section of RE retina whereby the morphology of the outer nuclear peak (blue arrow) is seen to be misaligned against the nasally 
placed foveal pit (green arrow). There is some disruption in the ellipsoid layer over the temporal macula (red arrow), which is corroborated by temporal 
thinning of the OPL in Figure 1h. Figure 1f from the LE shows normally formed foveal architecture, with outer nuclear layer thickness (ONTL) 
proportionately aligned with the foveal dip. Figure 1g demonstrates the tomographic ganglion cell layer thickness (GCLT) corresponding to the foveal pit in 
the RE, which appears to be nasally distorted (green arrow). Figure 1h shows the peak ONLT (blue arrow), which is displaced temporally relative to the 
foveal dip (green arrow). In Figure 1h there is ONLT thinning over the superior temporal retina (red arrow) corresponding to the outer segment atrophy. 
Figure 1i and 1j show GCLT and ONLT peak and troughs that are aligned typically (green and blue arrows). Figure 1k illustrates the MRI findings in this 
patient, showing subtle nasal globe flattening/temporal globe protrusion  of the RE with respect to the LE. 
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Figure 2 – PERG, PVEP& mfERG findings in the patient 
These figures show the PERG (2a), PVEP (2b) and mfERG (2c) findings in our patient. From the top, PERGs to smaller check widths are presented in 
descending order for spatial frequency (minutes of arc) presented to each eye in a large 30° field, followed by the PERG produced to 50’ checks presented in 
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a standard 15° field size. PERGs from the LE were all within laboratory reference ranges with well defined P50 and N95 components and N95:P50 amplitude 
ratio. PERGs from the RE show is relative P50 amplitude reduction, which becomes more evident with mild prolongation in peak-time to smaller check 
widths (higher spatial frequencies), with preservation of the N95:P50 ratio. PERGs from a smaller 14 degree field also show an inter-ocular difference with 
smaller P50 from the RE relative to the LE. Quantified PERG data are shown in the top right of the image. Panel 2b shows the ISCEV standard PVEP 
waveforms from each eye to standard and small check widths, from the right eye atypically degraded and bifid, and unrecordable to small check wdiths, 
with those from the unaffected left eye within normal limits. Panel 2c show the mfERG trace arrays in retinal view and topographic maps from each eye to a 
61 hexagon stimulus subtending a 45° field. The LE shows a well defined foveal peak. The RE foveal peak is smaller with a sector response suppression over 
the temporal/superior-temporal retina consistent with imaging findings. Colour plots are shown below for visualisation of the comparative topography of 
these waveforms from each eye. 

 


