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A B S T R A C T   

Autosomal recessive Achromatopsia (ACHM) is a rare inherited disorder associated with dysfunctional cone 
photoreceptors resulting in a congenital absence of cone input to visual cortex. This might lead to distinct 
changes in cortical architecture with a negative impact on the success of gene augmentation therapies. To 
investigate the status of the visual cortex in these patients, we performed a multi-centre study focusing on the 
cortical structure of regions that normally receive predominantly cone input. Using high-resolution T1-weighted 
MRI scans and surface-based morphometry, we compared cortical thickness, surface area and grey matter volume 
in foveal, parafoveal and paracentral representations of primary visual cortex in 15 individuals with ACHM and 
42 normally sighted, healthy controls (HC). In ACHM, surface area was reduced in all tested representations, 
while thickening of the cortex was found highly localized to the most central representation. These results were 
comparable to more widespread changes in brain structure reported in congenitally blind individuals, suggesting 
similar developmental processes, i.e., irrespective of the underlying cause and extent of vision loss. The cortical 
differences we report here could limit the success of treatment of ACHM in adulthood. Interventions earlier in life 
when cortical structure is not different from normal would likely offer better visual outcomes for those with 
ACHM.   
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1. Introduction 

With the rise of gene therapeutic interventions to treat congenital 
ophthalmological diseases, assessing the structural integrity of visual 
cortex is critical as successful visual rehabilitation will ultimately rely on 
intact brain function. Achromatopsia (ACHM), a rare (1:30,000) 
monogenic, autosomal recessive visual disorder that affects signal 
transduction in cone photoreceptors (Aboshiha et al., 2016; Michalakis 
et al., 2017; Zobor et al., 2015), is currently the target of gene-addition 
therapy in a number of clinical trials (NCT03758404, NCT03001310, 
NCT03278873, NCT02935517, NCT02599922, NCT02610582, (Fischer 
et al., 2020)). 

As cones are the only photoreceptors to occupy the central foveal 
region of the retina, patients with ACHM have a central scotoma and 
therefore reduced visual acuity from birth, along with an absence of 
colour vision, photophobia, hemeralopia and nystagmus (Haegerstrom- 
Portnoy et al., 1996; Remmer et al., 2015; Zobor et al., 2015). While the 
overall stationary or very slow progressing disease phenotype (Zobor 
et al., 2015) would generally be favourable for therapeutic intervention 
at any point during the lifespan in ACHM (Hirji et al., 2018) the way in 
which cortical structure develops during extended periods of cortical 
deprivation of cone inputs has not yet been assessed. 

It is plausible that structural remodelling of the visual cortex due to 
lack of input may limit the processing of restored signals from the eye. 
Structural differences in the visual cortex have been reported in 
congenital visual disorders such as congenital anophthalmia, congenital 
glaucoma, albinism and retinitis pigmentosa (Bridge et al., 2014, 2009; 
Jiang et al., 2009; Park et al., 2009). Several studies using voxel-based 
morphometry (VBM) reported reduced grey matter volume in early 
blind individuals (Noppeney et al., 2005; Pan et al., 2007; Park et al., 
2009; Ptito et al., 2008; Von Dem Hagen et al., 2005). Further studies 
applied a surface-based approach and linked the volumetric reduction to 
a decrease in surface area (Aguirre et al., 2016; Jiang et al., 2009; Park 
et al., 2009). Reductions in cortical volume and surface area were 
attributed in part to the loss of input to visual cortex early in life (Jiang 
et al., 2009; Park et al., 2009; Ptito et al., 2008). Independently, and 
perhaps counterintuitively however, a number of studies also found 
increased cortical thickness, e.g. in Leber congenital amaurosis (Aguirre 
et al., 2017), congenital anophthalmia (Bridge et al., 2009), Leber’s 
hereditary optic neuropathy (d’Almeida et al., 2013) and other forms of 
congenital blindness (Aguirre et al., 2016; Anurova et al., 2015; Jiang 
et al., 2009; Park et al., 2009). Although the exact mechanisms behind 
these cortical changes have not yet been proven, there is evidence that 
they may indicate some form of neuronal degeneration or reorganiza-
tion which could limit the outcome of vision restoration treatments 
(Guerreiro et al., 2016, 2015; Lemos et al., 2016; Prins et al., 2016a). 

Understanding whether ACHM specifically affects the morphology of 
brain regions that process central vision is therefore a crucial factor in 
evaluating the potential success of gene augmentation therapies in this 
patient population. We hypothesise that individuals with ACHM will 
show distinct changes in cortical anatomy particularly in central visual 
field representations of primary visual cortex that have been deprived of 
normal cone input throughout development. This detailed analysis of 
the first and largest visual representation in the human brain comple-
ments our previous analysis of a larger number of visual areas of the 
occipital lobe (Lowndes et al., 2021). 

2. Materials and methods 

2.1. Participants 

Data used in this study were collected as part of a multicentre project 
at three scanner sites (University of York, UK (“UY”), Hadassah Medical 
Center, Jerusalem, IL (“HMC”), University of Magdeburg, DE (“UM”)). 
All participants had to be eligible for the MRI procedures used. Healthy 
control participants (HC) were required to have normal or corrected-to- 

normal vision. Inclusion criteria for patients were: i) genetically 
confirmed ACHM (biallelic CNGA3 or CNGB3 mutations as specified in 
Table 1), and ii) electroretinographically confirmed absence of cone 
function according to the ISCEV standard for full-field clinical electro-
retinography (McCulloch et al., 2015). High resolution structural scans 
from 42 participants (mean ± SD age, 30.29 ± 9.72; 19 males) with 
normal or corrected-to-normal vision (HC) and 15 participants with 
ACHM (age mean ± SD, 36.2 ± 10.26; 9 males) were utilised in this 
study. Experimental protocols received approval from the site-specific 
ethics committees and were in accordance with the Declaration of 
Helsinki. A previous study analyzing the data from the same participants 
has been published (Lowndes et al., 2021). A larger number of occipital 
lobe visual areas were assessed in that work, but it did not test for 
anatomical changes in difference eccentricity representations – the key 
aspect of the work presented here. 

2.2. Data acquisition 

2.2.1. York 
A single, high resolution, anatomical, T1-weighted scan (TR, 2500 

ms; TE, 2.26 ms; TI, 900 ms; voxel size, 1 × 1 × 1 mm3; flip angle, 7◦; 

Table 1 
Participant demographics. Overview table summarising participant type, scan-
ner site, age, sex, and genotype of participants with achromatopsia; (HC =
healthy control, ACHM = Participant with achromatopsia; UY = University of 
York, UM = University of Magdeburg, HMC = Hadassah Medical Centre; m =
male, f = female);  

Participant Sex Scanner 
Site 

Participant Sex Scanner 
Site 

Genotype 

HC m HMC ACHM m HMC CNGA3 
HC f HMC ACHM m HMC CNGA3 
HC m HMC ACHM m HMC CNGA3 
HC f HMC ACHM f HMC CNGA3 
HC f HMC ACHM f HMC CNGA3 
HC m HMC ACHM m HMC CNGA3 
HC f HMC ACHM m UM CNGB3 
HC m HMC ACHM f UM CNGA3 
HC m HMC ACHM f UM CNGB3 
HC f HMC ACHM m UM CNGB3 
HC f HMC ACHM m UM CNGA3 
HC f HMC ACHM f UY CNGB3 
HC f HMC ACHM m UY CNGB3 
HC f HMC ACHM m UY CNGA3 
HC f HMC ACHM f UY CNGA3 
HC f HMC     
HC f HMC     
HC m HMC     
HC m HMC     
HC m HMC     
HC f HMC     
HC f HMC     
HC m HMC     
HC m HMC     
HC m UM     
HC f UM     
HC m UM     
HC m UM     
HC f UM     
HC f UM     
HC f UM     
HC m UM     
HC f UY     
HC f UY     
HC m UY     
HC m UY     
HC f UY     
HC m UY     
HC f UY     
HC m UY     
HC f UY     
HC m UY      
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matrix size, 256 × 256 × 176) was acquired using a 64-channel head coil 
on a SIEMENS MAGNETOM Prisma 3 T scanner at the York Neuro-
imaging Centre (YNiC). 

2.2.2. Jerusalem 
A single, high resolution, anatomical, T1-weighted scan (TR, 2300 

ms; TE, 2.98 ms; TI, 900 ms; voxel size, 1 × 1 × 1 mm3; flip angle, 9◦; 
matrix size, 256 × 256 × 160) was acquired using a 32-channel head coil 
on a SIEMENS MAGNETOM Skyra 3 T scanner at the Edmond & Lily 
Safra Center for Brain Sciences, Hebrew University of Jerusalem. 

2.2.3. Magdeburg 
A single, high resolution, anatomical, T1-weighted scan (TR, 2500 

ms; TE, 2.82 ms; TI, 1100  ms; voxel size, 1 × 1 × 1 mm3; flip angle, 7◦; 
matrix size, 256 × 256 × 192) was acquired using a 64-channel head coil 
on a SIEMENS MAGNETOM Prisma 3 T scanner at the University Hos-
pital, Magdeburg, Germany. 

2.2.4. Data pre-processing 
Surface-based morphology analysis was performed using the Free-

surfer analysis suite, Version 6.0 (http://surfer.nmr.mgh.harvard.edu/). 
Cortical reconstruction and volumetric segmentation of the T1-weighted 
scans were performed automatically using the ‘recon_all’ script, 
described in more detail elsewhere (Dale et al., 1999; Fischl et al., 1999). 
In brief, the process included the removal of non-brain tissue (Ségonne 
et al., 2004), automated Talairach transformation, intensity normal-
isation (Sled et al., 1998), tessellation of the grey/white matter and pial 
boundaries (grey/cerebrospinal fluid) including automated topology 
correction and surface deformation (Dale et al., 1999; Fischl et al., 1999; 
Ségonne et al., 2004). After cortical models were derived, the cortical 

surface was inflated and registered to a sphere (Fischl et al., 1999) and 
the surface parcellated according to gyral and sulcal structures (Desikan 
et al., 2006; Fischl et al., 2004). 

The final surface reconstruction was inspected for potential cortical 
segmentation errors and, when necessary, manually corrected using the 
FreeView Visualisation GUI. All manually corrected reconstructions 
were rerun (‘autoreconall2′) utilising the edited brainmask.mgz files. 

2.3. Data analysis 

We applied a region of interest (ROI)-based approach to maximise 
the sensitivity of our analysis and compared differences between par-
ticipants with ACHM and HC in three surface-based measures: mean 
cortical thickness (mm), surface area (mm2) and cortical volume (mm3). 

All surface-based metrics were extracted directly within each in-
dividual’s native space, and no further smoothing was applied. 

Cortical thickness was measured as the shortest distance between 
each grey/white boundary vertex and the pial surface (white matter/ 
cerebrospinal fluid boundary) and vice versa. The final value depicted 
the average of the two thickness values measured, and thickness values 
were then averaged across the ROI (Fischl and Dale, 2000). Surface area 
was measured by calculating the summed surface area across each ROI 
of each triangle of the surface mesh, the unit used to connect the cortical 
surface between each vertex. Cortical volume was computed as the sum 
of oblique truncated polyhedrons, as described in Winkler et al. (2018). 

ROIs used for this analysis stream were derived using the anatomi-
cally defined retinotopy atlas (“benson14_retinotopy” command) 
implemented in the python analysis toolbox ‘neuropythy’ (Benson et al., 
2014; Benson and Winawer, 2018). The atlas created several Freesurfer- 
based maps (visual area, eccentricity, polar angle, pRF size), which were 

Fig. 1. ROI surface-based morphometric values (A) shows the left hemisphere cortical surface reconstruction of an example participant with the three overlaid 
ROI labels: ROIFovea (0◦-2◦), ROIParafovea (2◦ −4◦) and ROIParacentral (4◦-8◦); violin plots show the mean cortical thickness (B), pooled surface area (C) and grey matter 
volume (D) in all ROIs for healthy control participants (HC, N = 42) and participants with achromatopsia (ACHM, N = 15); error bars represent +/- 1 standard 
deviation; *p < .05, **p < .01; 
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used to delineate three ROI labels for each participant in each hemi-
sphere. The ROIs represented the foveal (0-2◦), parafoveal (2-4◦) and 
paracentral representations (4-8◦) of V1 (Fig. 1A). 

Extracted values were combined across both hemispheres, where 
surface area and cortical volume were simply summed for each partic-
ipant. For cortical thickness, the values were weighted by the respective 
surface area value and the mean cortical thickness value derived via 
following calculation: 

ThicknessTotal = ((lh.thickness * lh.surfacearea) + (rh.thickness * 
rh.surfacearea))/ (lh.surfacearea + rh.surfacearea). 

2.4. Statistical analysis 

All statistical analyses were performed in the IBM SPSS Statistics 
software package, version 25. Graphs were created using Prism version 
8.00 for Mac (GraphPad Software, La Jolla California USA, www. 
graphpad.com). 

A hierarchical linear regression was applied to assess the ability of 
each independent variable to predict the three outcome measures 
(cortical thickness, grey matter volume, cortical surface area) in each of 
our three ROIs for each participant group. Normality for each group/ROI 
was confirmed using the Shapiro-Wilks test and the P-P and scatter plot 
of the regression standardized residuals were inspected and conformed 
to the assumptions necessary for subsequent analyses. Neither age 
(Welch Two Sample t-test; t = 1.94, df = 23.58, p = .064) nor sex (χ2 (1, 
N = 57) = 0.46, p = .50) were significantly different between the two 
cohorts. Nevertheless, we accounted for any variance explained by both 
sex and age, and as well as scanner site and global brain scaling (global 
mean thickness, global overall surface area and estimated intracranial 
volume) as they represent known confounding factors (Alfaro-Almagro 
et al., 2021). Therefore, these confounding variables were entered in the 
first step of the hierarchical linear regression model (Model 1), while 
participant group, our main variable of interest, (HC and ACHM) was 
added in the second analysis step (Model 2). This hierarchical model 
allowed us to determine if participant group (ACHM vs control) could 
explain a significant amount of the variance within our sample after 
accounting for the confounding factors added in Model 1. The effect of 
participant group would be reflected in a significant change in ΔR2. 
Results were subsequently adjusted for multiple comparisons (three 
regions of interest) by applying the sequential Holm–Bonferroni 
correction (Holm, 1979) where the adjusted alpha levels, denoted as pα, 
are reported for each comparison. 

3. Results 

We acquired high-resolution T1-weighted images from 15 geneti-
cally confirmed participants with ACHM and compared these to 42 

normally sighted individuals scanned at each of the three sites, with 
demographics summarised in Table 1. 

Fig. 1 displays the regions of interest analysed within primary visual 
cortex and compares cortical measures between HC and ACHM partic-
ipant groups. 

After accounting for any variance explained by our confounding 
variables (Table 2, Model 1), we first assessed the impact of absent cone 
input on cortical thickness (Table 2, Model 2). As shown in Figure 1B, a 
significant increase in cortical thickness was found in ACHM within the 
most foveal representation (ΔR2 

= 7.4% ; (F (1,50) = 6.173, p0.017 =
0.016), while no increase in cortical thickness was seen within the 
parafoveal and paracentral representations of primary visual cortex in 
ACHM (2–4◦: ΔR2 

= 0.1 %; F(1,50) = 0.046, p0.05 = 0.832; 4–8◦: ΔR2 
=

0.3%; F (1,50) = 0.224, p0.025 = 0.638). 
Next, we compared surface area of each ROI between groups 

(Fig. 1C), and found that it was significantly reduced in ACHM across all 
ROIs, with the highest reduction found in the paracentral region (0–2◦: 
ΔR2 

= 4.2 %; F(1,50) = 5.651, p0.025 = 0.021; 2–4◦: ΔR2 
= 5.5 %; F 

(1,50) = 4.846, p0.05 = 0.032; 4–8◦: ΔR2 
= 17.6%; F (1,50) = 12.851, 

p0.017 = 0.001). 
Finally, we assessed grey matter volume. In contrast to surface area, 

grey matter volume was significantly reduced paracentrally but only 
when considering the unadjusted alpha level (ΔR2 

= 8.8%; F (1,50) =
5.398, p0.017 = 0.024), as depicted in Fig. 1D. In contrast, foveal and 
parafoveal representations of primary visual cortex showed no signifi-
cant change in cortical grey matter volume (0–2◦: ΔR2 

= 0 %; F (1,50) =
0.027, p0.05 = 0.871; 2–4◦: ΔR2 

= 3.7 %; F (1,50) = 3.167, p0.025 =
0.081). 

4. Discussion 

We applied surface-based morphometry to analyse cortical structure 
in ACHM, a patient population with a congenital lack of cone function, 
resulting in a complete loss of input from the fovea. We employed a 
hierarchical regression analysis to determine any differences between 
ACHM and HC while accounting for the variance explained by various 
confounding variables. Our results reveal thicker primary visual cortex 
in the representations of the region of absolute loss of vision in these 
patients. We also found a more widespread reduction in the surface area 
of primary visual cortex within the central representation (0–8◦) we 
assessed. 

4.1. Cortical thickening localized to foveal visual field representations 

The cortical thickening observed in the central visual field repre-
sentation is consistent with that reported in several other studies of 
congenital total blindness. Critically, however, it is localised to the 

Table 2 
Summary of Hierarchical Regression Analysis. Mean values and standard deviation are denoted for each metric and ROI as well as F-values, degrees of freedom, 
associated p-values and for Model 2 also ΔR2; ROI = region of interest, ACHM = Achromatopsia, HC = healthy control; Significant differences for each metric for 
confounding variables entered in Model 1 (combined variance explained by scanner site, age, sex, global brain metric) or Model 2 (predictor variable: participant 
group): * p < .05, **p < .01, ***p < .001        

Model 1 Model 2 
Metric ROI ACHM HC F(5,51) p-value  F(1,50) ΔR2 p-value  

M SD M SD 
Thickness (mm) Fovea  2.12  0.19  2.01  0.21  4.966  0.001 **  6.173  0.074  0.016 * 

Parafovea  1.88  0.13  1.87  0.15  5.158  0.001 **  0.046  0.001  0.832  
Paracentral  1.77  0.20  1.75  0.13  2.837  0.025 *  0.224  0.003  0.638   

Surface area (mm2) Fovea  639.00  55.84  713.29  111.39  14.508  > 0.001 ***  5.651  0.042  0.021 * 
Parafovea  616.67  98.57  706.62  109.26  6.194  > 0.001 ***  4.846  0.055  0.032 * 
Paracentral  1224.67  189.24  1462.71  232.01  1.633  0.168   12.851  0.176  0.001 **  

Grey matter volume (mm3) Fovea  1623.20  245.34  1652.00  298.65  8.357  > 0.001 ***  0.027  0.000  0.871  
Parafovea  1334.07  200.82  1478.12  255.51  6.149  > 0.001 ***  3.167  0.037  0.081  
Paracentral  2386.87  536.44  2686.36  448.52  1.050  0.399   5.398  0.088  0.024 *  
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foveal representation, and thus specific to the region of primary visual 
cortex that is deprived of visual input. The presence of thicker visual 
cortex in congenitally blind participants has been commonly attributed 
to aberrant pruning processes due to absent sensory input (Aguirre et al., 
2017; Bourgeois et al., 1989; Guerreiro et al., 2015; Park et al., 2009; 
Stryker and Harris, 1986). Increased cortical thickness has also been 
observed in cases of later, acquired localised vision loss, but in areas 
adjacent to the deafferented region. In this situation, it has been pro-
posed that cortical thickening may represent a form of cortical plasticity, 
as areas adjacent to the representation of the lesion are likely to be used 
more frequently (Burge et al., 2016). Our use of localised regions of 
interest clearly demonstrated that increased cortical thickness was 
present only in the deafferented foveal representation, supporting the 
previously raised notion of disrupted pruning. Several studies have also 
demonstrated that in congenitally blind individuals, the cortical regions 
with increased thickness frequently process information from other 
sensory modalities, commonly referred to as cross-modal plasticity 
(Anurova et al., 2015; Bavelier and Neville, 2002; Bedny et al., 2011; 
Cohen et al., 1999, 1997; Cunningham et al., 2015; Guerreiro et al., 
2015; Sadato et al., 2002; Sadato et al., 1996). It is yet to be seen if the 
localised increase in cortical thickness found in ACHM patients is also 
correlated with cross-modal plasticity. 

At first glance, an increase in thickness of the deafferented visual 
cortex might appear counterintuitive. The discrepancy in the direction 
of macrostructural changes has been generally attributed to different 
developmental trajectories of horizontal and vertical cortical di-
mensions (Kelly et al., 2015; Park et al., 2009; Rakic, 1995; Wierenga 
et al., 2014). In this respect, increased cortical thickness might be 
related to aberrant cortical maturation, where synaptic pruning, a pro-
cess to abolish weaker cortical connections, is halted due to missing 
sensory input (Aguirre et al., 2017; Bourgeois et al., 1989; Guerreiro 
et al., 2015; Park et al., 2009; Stryker and Harris, 1986). Importantly, 
the standardised automated algorithm used to define cortical thickness 
(Fischl and Dale, 2000), is susceptible to the degree of intracortical 
myelination. Thus, the apparent change in cortical thickness observed 
may reflect differences in myelination between patients and controls 
(Aguirre et al., 2016; Glasser and Van Essen, 2011; Park et al., 2009). A 
recent study by Natu et al. (2019) indicated that the apparent thinning 
of the cortex over the course of normal development was correlated with 
an increase in myelination. Consequently, the apparent thickening 
observed in ACHM may reflect a failure to increase or even a decrease in 
cortical myelination. Our results thus lend further support to the pos-
sibility that missing sensory input can affect developmental myelination 
processes. Future research measuring cortical myelin in achromatopsia 
could shed light on this hypothesis. 

4.2. Broad reduction in surface area 

In the current study, we found reduced surface area in ACHM in all 
three central representations analysed within primary visual cortex. This 
was in contrast to the more localized region of cortical thickening found 
only in the deafferented region and indicates that loss of cone input has 
more widespread effects on surface area. 

A decrease in overall surface area in primary visual cortex is 
commonly reported in early total blindness affecting the entire visual 
field (Aguirre et al., 2016; Noppeney et al., 2005; Pan et al., 2007; Park 
et al., 2009; Ptito et al., 2008). Most studies that reported changes in 
early blindness focused either on the whole primary visual cortex or on 
the pericalcarine areas (Aguirre et al., 2016; Park et al., 2009) and 
included participants with blindness from a variety of causes and with a 
variety of visual field defects. In our ACHM cohort, surface area 
reduction was found across the entire extent of primary visual cortex 
measured (0◦-8◦), beyond the small, localised absolute visual field defect 
(Baseler et al., 2002). 

Surface area is known to reach a maximum later in life, around the 
age of nine (Mills et al., 2014; Raznahan et al., 2011). Interestingly, 

pericalcarine areas do not seem to follow this general trend and no age- 
related peak could be observed (Wierenga et al., 2014). An earlier study 
reported that surface area peaks shortly after birth, especially within the 
highly convoluted foveal representation important for central vision 
(Leuba and Kraftsik, 1994). These are precisely the cortical regions that 
are deafferented in ACHM, potentially leading to profound effects on 
cortical maturation. This in turn might impact on the subsequent 
development of more peripheral representations, possibly explaining 
the broader area of reduction we observed here. Moreover, while the 
highest cone density is found at the foveola, leading to a central absolute 
scotoma in ACHM, cone photoreceptors decrease in number with ec-
centricity, but are still fairly numerous up to an eccentricity of 15◦

(Curcio et al., 1991, 1990; Osterberg, 1937). Thus, the visual defect in 
ACHM is not limited to the foveola, supporting the possibility that the 
absence of cone signalling may have more widespread consequences on 
cortical architecture. Some recent studies also highlighted an ACHM 
subpopulation with compromised rod function which could be observed 
across all different genetic backgrounds (Khan et al., 2007; Maguire 
et al., 2018; Moskowitz et al., 2009; Wang et al., 2012; Zelinger et al., 
2015). If this cohort also encompasses such individuals, this would also 
lead to a more severe reduction in surface area beyond the representa-
tion of the absolute rod scotoma. 

4.3. Reduction in grey matter volume 

Although an overall decrease in grey matter volume has been re-
ported in the occipital lobes for congenital, complete blindness (Boucard 
et al., 2009; Bridge et al., 2009; Burge et al., 2016; Plank et al., 2011; 
Prins et al., 2016b), we found only a subtle reduction in grey volume 
outside the retinotopic presentation of the absolute scotoma in ACHM, 
which was the only metric that did not pass subsequent multiple testing 
corrections. While grey matter volume encapsulates both cortical 
thickness and surface area (Winkler et al., 2018; Winkler et al., 2010), it 
was shown that grey matter volume is generally more influenced by 
changes to surface area rather than cortical thickness (Aguirre et al., 
2016; Winkler et al., 2018). This is supported by our data, where a 
reduction in grey matter volume was only evident in the paracentral 
representations of visual cortex where surface area was most reduced. 
Conversely, grey matter volume remained constant in the foveal repre-
sentation, where surface area and thickness changed in opposite di-
rections. This finding clearly highlights that without further metrics 
such as surface area and thickness, the true extent of changes to cortical 
structure might not be captured. This underlines the limited specificity 
of measurements restricted to cortical volume (Winkler et al., 2018). 

4.4. Implications of changes to cortical microstructure for cortical 
remapping and prospects for current restorative approaches 

At this point, it is unclear to what extent cortical changes will impact 
current vision restoration therapies in this patient population. For 
example, increased cortical thickness in individuals who were born 
blind remained even after the cause of blindness e.g., cataracts, was 
reversed. Moreover, cortical thickness was negatively correlated with 
visual task performance while auditory task performance was positively 
correlated (Guerreiro et al., 2016; Guerreiro et al., 2015). It appears 
therefore that the outcome of restoring vision can be explicitly linked to 
the way in which the visual cortex has been shaped during periods of 
deprivation. While increased cortical thickness and related cross-modal 
plasticity can be a limiting factor (Guerreiro et al., 2016, Guerreiro et al., 
2015) and are therefore likely to shape the extent of the recovery, there 
may be some improvement. Two studies using adeno-associated virus 
(AAV) encoding CNGA3 in CNGA3-achromatopsia subjects (Fischer 
et al., 2020; McKyton et al., 2021) described subtle improvement in 
acuity and contrast sensitivity measurements, a reduction in photo 
aversion, which was accompanied by patients’ reports of better, more 
detailed everyday vision. Furthermore, McKyton et al. (2021) described 
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cortical functional changes following treatment: patient population- 
receptive field sizes that were atypically large in early visual areas, 
decreased following treatment, demonstrating the ability for cortex to 
encode new input, even in adulthood. This shows that while cortical 
thickening may limit the desired therapeutic outcome, it does not 
entirely prevent improvements from gene therapeutic interventions. 

While the underlying mechanisms of cortical thickening are not yet 
clear, it is known that cortical thickness is significantly and inversely 
related to the age of blindness onset (Li et al., 2017). Increased thickness 
and the link to cross-modal plasticity and its limiting effects are there-
fore important factors to consider. Such structural changes along with 
the reduction in surface area reported here suggest that early interven-
tion might be beneficial to allow for normal cortical development in 
ACHM. Future clinical studies should consider including cortical thick-
ness as a follow-up measure to better understand the promise and limits 
of novel restorative treatment. 

4.5. Limitations and future studies 

First, one clear limitation of the study is the small sample size 
especially when compared to studies using brain imaging data stemming 
from large data sets, such as the UK Biobank (Littlejohns et al., 2020; 
Miller et al., 2016). Nevertheless, our study includes the largest cohort of 
participants to date with the rare condition ACHM and not only offers 
valuable clinical insights but also novel entry points for further in-
vestigations. Second, while multi-centre collaborations facilitate the 
recruitment of participants with rare disorders, this also poses chal-
lenges arising from differences in scanner settings and protocols. While 
studies comparing the reliability of surface-based measures mostly 
report only minor differences across scanners, the largest discrepancies, 
especially for cortical thickness, have been found in the visual cortex 
(Han et al., 2006) which may in part be related to its high myelin content 
(Fischl and Dale, 2000; Glasser and Van Essen, 2011). We took careful 
precautions to remove potential biases introduced by the multi-site 
nature of this study by including HCs from each respective site and 
incorporating scanner site as a confounding variable in our statistical 
analysis. 

In the current study, we chose to use an ROI-based analysis focusing 
on primary brain regions that process central vision in order to maximise 
sensitivity. However, it is possible that higher order visual processing 
regions are also affected, particularly those that rely on cone input to 
process colour, patterns and form/shape. A recent study compared 
structural differences more broadly in the dorsal and ventral visual 
processing pathways of the brain in ACHM, reporting a reduction in 
overall cortical surface area in several visual areas (V1, V2, V3, TO1, 
hV4, and LO1) (Lowndes et al., 2021). 

While findings reported here highlight the importance of visual input 
during brain development and a possible benefit of earlier interventions 
in ACHM, we can only speculate regarding the optimal time point for 
gene therapeutic interventions. Longitudinal studies, especially in a 
younger cohort, would be a crucial next step to measure cortical changes 
over time and their functional and behavioural consequences in order to 
identify a time window for clinical intervention that ensures maximal 
treatment efficacy. Further, incorporating multimodal brain imaging 
measurements to determine changes in myelin content (Glasser and Van 
Essen, 2011; Natu et al., 2019) and brain neurochemistry would help to 
elucidate microstructural mechanisms underlying cortical changes in 
ACHM. 

4.5.1. Conclusion 
Here, we demonstrate a specific structural alteration of the primary 

visual cortex in ACHM that is associated with the congenital absence of 
input from the cone photoreceptors. Besides a substantial reduction in 
cortical surface area we report a highly localized thickening of cortical 
areas representing the fovea. Previous research has shown that thick-
ening is experience dependent, may not be reversible and is associated 

with poorer visual outcomes. Our finding of a localized increase in 
cortical thickness shows clinical relevance in terms of potential out-
comes of restorative approaches of ACHM received in adulthood. The 
described cortical changes point to possible benefits of future treatments 
in ACHM when applied earlier in life, when differences from normal 
cortical development are not yet present or are more easily reversed. 

5. Data availability 

Within the limits of privacy issues of clinical data and the need for 
approval from the site-specific local ethics committee, data will be made 
available upon request. This study used openly available software and 
code, namely Freesurfer analysis suite, Version 6.0 (https://surfer.nmr. 
mgh.harvard.edu/) and the retinotopy atlas included in the python 
toolbox neuropythy’ (https://github.com/noahbenson/neuropythy). 
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