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Reviewer #1 (Remarks to the Author):

In this manuscript, the authors investigated spatial associations between many neurobiological 

signatures and lifespan changes in cortical morphology. Specifically, they collected 49 postmortem 

and in vivo brain atlases covering molecular and cellular processes in healthy adult samples, which 

were linked to lifespan changes in cortical thickness. This is a timely and important study, 

revealing a potential neurobiological basis for the maturation of cortical morphology. Here, I have 

several major and minor concerns, which are outlined below. I hope that these comments and 

suggestions can be used to further improve the manuscript prior to publication.

The authors hypothesized that spatiotemporal patterns of thickness development colocalize with 

nonpathological adult spatial distributions of the respective neurobiological markers. Given that 

many neurobiological signatures, such as brain metabolism, develop with increasing age, the 

authors should clearly address and validate the validity of spatial association analysis between 

lifespan changes in thickness and adult neurobiological markers.

Title: This study is a spatial association analysis and does not address how human cortex 

development is shaped by molecular and cellular brain systems.

Introduction. The manuscript does not provide sufficient detail on the potential mechanisms by 

which these molecular and cellular processes influence the development of cortical thickness. A 

further description would be beneficial.

The brainchart data are from a previously published study (Rutherford et al.). However, from the 

age distribution shown in Fig. S5, there are very different numbers of subjects at different ages. In 

particular, there are very few subjects before age 10 and around 40. Is the brainchart data 

affected by these confounding variables?

Lines 1–10, Page 6. The authors show the spatial associations between cross-sectional thickness 

and neurobiological features and describe diverse colocalization trajectories. However, the results 

are not clearly described. The authors found a general pattern of strongest changes from childhood 

to young adulthood (up to approximately 30 years) as well as in late adulthood (from 60 years 

onwards; Fig. S7). A possible reason for this result is that the neurobiological maps are from adult 

brains. Figure S7 should be moved to the main text. The authors stated that sex did not relevantly 

influence the trajectories (Fig. 8). Did they perform statistical comparisons for sex differences?

The authors showed the spatial associations between neurobiological markers and changes in 

cortical morphology. Several studies have demonstrated a network mechanism underlying the 

maturation of cortical morphology (e.g., PMID: 27457931; PMID: 38278807). I would suggest 

adding a discussion on this topic.

The curves presented in Fig. 2 appear to differ from those in Fig. 3A. It is unclear which result 

should be referenced to understand which molecular and cellular markers more significantly 

constrain cortical thickness development at specific ages. Please clarify.

Line 21, Page 2. Introduction. The authors describe that "neurodevelopmental disorders are 

associated with both deviations in brain structure and dysfunction of several neurotransmitter 

systems, but suffer from a lack of reproducible biomarkers and little clinical translation of 

neuroimaging research.". Many previous studies have reported that neurodevelopmental disorders 

such as autism and depression are associated with deviations not only in brain structure but also in 

functional connectivity. Moreover, the reproducibility of results has been well studied using 

multisite neuroimaging data. The authors need to rephrase their claims. In addition, this paragraph 

describes the importance of neurotransmitters and the normative model in understanding disease 

or atypical development. However, this is not reported in the results section, which is confusing.

Line 5, Page 3. Introduction. The authors described that "multimodal neuroimaging-based spatial 

association approaches can provide a window into specific biological mechanisms, but until now 

were limited to postmortem data and the cellular level. " In fact, there are many multimodal 

neuroimaging studies showing spatial associations between brain signatures such as brain 



connectivity and metabolism (PMID: 23319644; PMID: 33443160; PMID: 30741935).

Line 30, Page 3. 21 neurobiological maps should be presented in the main text, given their 

importance for the association analysis. Results: Ni8 was not mentioned.

Line 18, Page 6. The authors showed that molecular- or cellular-level markers explained up to 54% 

of the spatial variance. How about the combined molecular and cellular-level markers? How about 

the sex differences?

Line 8, Page 8. In the main text, the description of Fig. 3A states, "We found that the nine FDR-

significant molecular and cellular markers jointly explained 58% of CT change patterns from 5 to 

30 years." However, Fig. 3A is labeled as "neurobiology markers significant in univariate analyses." 

This raises the question of whether the analysis is multivariate or univariate. Please clarify.

In Fig. 6, the meaning of the colored overlay is unclear. What do different shades of the same color 

represent (for example, in the context of synaptic pruning) (Huttenlocher & Dabholkar, 1997)?

The discussion section lacks an in-depth exploration of the physiological significance reflected by 

the constraint of relevant neurobiological markers on cortical maturation at specific developmental 

stages. This should be a central concern of the paper and needs further elaboration.

Reviewer #2 (Remarks to the Author):

The study integrates numerous “multilevel” cortical atlases, normative trajectories of MRI based 

cortical thickness and partly separate population-based longitudinal youth samples in an attempt 

to improve our understanding of the neurobiology underlaying cortical thinning across the life 

span. I find the study comprehensive and highly relevant for a broad field within MRI based 

neuroimaging i.e. all studies assessing cortical macrostructure.

My comments are addressed below in chronological order and I sincerely hope they can be of 

some help. As this is a multidisciplinary study, I would like to state that I am a neuroscientist and 

refer to other reviewers to better scrutinize topics outside of neuroimaging. Also, please do not 

hesitate to correct me whenever I have misunderstood something!

1. Introduction: I believe reference nr. 4 regarding the link between MRI based cortical 

development and cognitive development from the year 2000 is dated and could be updated.

2. Introduction: I find the use of the terms “development” vs “change” somewhat unclear, 

particularly when attempting to grasp the underlying logic of the paper i.e: “Assuming that CT 

changes over the lifespan are shaped by activity, development, or degeneration of cell populations 

and molecular processes, it is to be hypothesized that the spatiotemporal patterns of CT 

development colocalize with nonpathological adult spatial distributions of the respective 

neurobiological marker. Increased colocalization of CT changes with an individual marker at a given 

developmental period would then support a role of the associated cell population or process in 

respective CT changes.» For the most part it appears that development is not simply “change over 

time”, which then could pertain to the full lifespan but instead more closely relates to 

“maturational” processes found in youth only, is that correct? And that for the adult part of the 

lifespan the word “change” is often used to capture a broader set of processes? I think different 

disciplines use the word “development” quite differently, so maybe either define in a word or two 

or be very concise about usage.

3. Introduction: The example paragraph from comment 2 holds vital logic for the paper but was 

(to me) a heavy read, where I had to dissect every sentence. Is there a way to, when presenting 

this very central concept for the first time, do it “better”/simpler?

- I think this text captures why it would make sense to map cortical thinning in youth onto adult 

biological architecture, but I could not fully grasp why that is not problematic. Particularly as the 

introduction previously states that different mechanisms might underlay youth based- and adult 

thinning.

- The reader could also be guided better through this very first introduction of increased co-



localization. Am I correct in that if a marker is predominantly found in a specific region and those 

regions show either a more pronounced thickness change, or a change that is steady but improves 

in precision to the underlying distribution (the spatial patterns “match better”), or a degree of 

change that more closely match the “concentration” of the neurobiological marker, then all these 

instances would increase co-localization?

- Is the passive “it is to be hypothesized” a general statement or your actual hypothesis? Is there a 

suggestion of causation in this statement?

4. Introduction: I find the introduction to some of the biological terminology at times unclear. the 

term “(multilevel) neurobiological markers” is introduced first in regard to cellular densities and 

functional properties although not used too often within the text. There is also a distinction 

between molecular and cellular levels which is used much more frequently including within the 

title, and as a strength of the paper, but molecular is never formally introduced in the same way 

cellular is. If I understand correctly in this context “molecular brain atlases» relate mostly to 

neurotransmitters (and the functional level?) and are based on nuclear imaging. Is there a more 

structured way to present these topics? Moreover, I am wondering if “cell type”/“cell density”/“cell 

population”, and “process”/“function” is also used interchangeably at times, but I might be wrong 

here, so great if the authors could have a look, but they know best.

5. Introduction: What are the practical obstacles meant here? “Our current knowledge on biological 

factors that guide typical human cortex development is severely limited by practical obstacles»

6. Introduction: The motivation and goal of the study appears somewhat generic and scattered 

within parts of the introduction. There are references to biomarkers and some general statements 

of psychopathology “.. suffer from a lack of reproducible biomarkers and little clinical translation of 

neuroimaging» and “this knowledge is necessary to understand atypical neurodevelopment and 

develop targeted biomarkers and treatments». Is the motivation and goal based in personalized 

mental health medicine, and that MRI based cortical thickness in the future can be used as a 

diagnostic tool at the individual level as well as for personalized mental health treatment? This is 

of course up to de authors, but it could be an idea to tone down such statements and perhaps 

focus more on the highly valid motivation from the abstract (and end of intro?): “Integrating 

multilevel brain atlases with normative modeling and population neuroimaging provides a 

biologically meaningful path to understand typical and atypical brain development in living 

humans.»

7. Results 2.1. It is stated that “we report on how these multilevel neurobiological markers 

colocalize and explain CT change patterns between 5 and 90 years of age». Similarly, to my 

previous comment, is there not an issue with applying atlases based on adult biology on child and 

adolescent morphology?

8. Results 2.1 I struggled to find what the 148-region division was based on. I first searched here 

“(CT; Fig. 1B; Text S1.2; age distribution: Fig. S5; CT trajectories: Fig. S6A and Animation S1)”, 

but in the end found a reference to Destrieux within the SI Figure 1 legend, and also later on page 

18 under Methods but not stated clearly. Why reduce cortical thickness data based on the 

Destrieux atlas? This atlas is not based on any of the main candidate mechanisms underlying 

cortical thickness but instead on larger folding patterns and some anatomical landmarks. As the 

logic of the study is to use sophisticated cortical divisions, this is not clear to me. A vertex-wise 

approach would preserve granularity, but then one could not use the open access cortical thickness 

normative models which I believe are only available for Destrieux and Desikan. I would state and 

discuss this reduction choice clearly within the text.

9. Results 2.1 Similarly, all the cellular and molecular atlases were first reduced to factors and then 

mapped to Destrieux if I understand correctly. I do not know the initial granularity or spatial 

distribution of the multilevel atlases, but could reducing them to 74 “folding based” ROIs pr 

hemisphere be problematic? Great with some clarification here. Also, could this mean that your 

findings are only relevant for studies that use the Destrieux division? I believe both, ROI-based 

Desikan- or even vertex-wise approaches are more common than using Destrieux.

10. 2.1. Mapping neurobiological markers to cortical development: Is the cortical microstructure 

atlas incorrectly referenced? nr 29 (Hansen, J. Y. et al. Mapping neurotransmitter systems to the 

structural and functional organization of the human neocortex ) Is this not the multimodal Glasser 

atlas? If so, I also believe the correct terms are “T1w/T2w” specifying that this is based on 

weighted imaging and not (T1/T2) i.e. quantitative relaxometry.

11. 2.1. Mapping neurobiological markers to cortical development: As the Rutherford normative 

models are based on cross-sectional data I would not call these trajectories cortical “development” 

of even “change”, as they are based on cortical differences at different ages or? I would be 



consistent in the terminology and only use development and change when talking about 

longitudinal data like ABCD/Imagen.

12. Discussion: It was slightly unclear to me whether your findings match the previous main 

candidate mechanisms for cortical development. To my understanding re-organization of dendritic 

arbour, cortical myelinization, and even synaptic pruning (although controversial as MRI studies 

cannot be solely explained by small-scale changes at the synapse level) are candidates. Your 

discussion instead highlight microglia and thus immune responses and dopamine receptor activity 

is that correct? When I read the discussion, it currently appears as if all your results fit previous 

literature with no discrepancies discussed. Also, could the relation to the dopamine system be 

considered controversial just in regard to the mm scale of MRI?

13. Discussion: It is stated that “As promising candidates for clinical translation, we identify the 

dopaminergic system and microglial cell populations for early development”. Would one not have 

to apply the normative models to clinical populations like in the Rutherford paper, in order to probe 

clinical relevance? It is unclear to me why non-typical age trajectories should relate to mental 

health any more than to any other variable that shows stronger associations to imaging and 

cortical thickness specifically. Like a previous comment, I find the link to clinical utility in-

consistent, and in my opinion not necessary for the relevance of the paper.

14. Methods: It is stated that “Given that the main goal of the current analysis was to establish 

the feasibility of capturing associations between CT development and multilevel neurobiological 

markers on the individual level, clarification of the sources of .. site-effects will be a task for future 

investigations. When using multi-site initiatives like ABCD (21 sites, 29 scanners), harmonizing or 

somehow minimizing the effects of scanner is basic convention. It is not clear why the authors find 

this a task for the future as the large effects of scanner is already widely documented also 

specifically within ABCD. The normative models used within the paper attempt to minimize effects 

of scanner, should the same not pertain to the target longitudinal data? Please explain why 

scanner bias is not relevant for your analyses or add it as a limitation.

15. Methods It is stated that site effects were estimated in «healthy subsamples» of both dataset’s 

baseline data (n = 20 per site, 50% female) how was healthy defined?

Reviewer #3 (Remarks to the Author):

I previously reviewed this paper for Nature. I have not retained a copy of the version submitted to 

Nature, and the authors have not provided a rebuttal letter detailing their response to reviewer 

comments on that submission, so it is difficult to be sure if/how this version has been revised 

compared to the version previously reviewed for Nature. I think some of my points have been 

minimally addressed in Discussion, however there don't appear to have been many, if any, 

substantive changes. Most of my prior comments therefore still stand, as copied below:

"This paper reports the results of an extensive set of analyses, using multiple large prior datasets, 

conducted by an expert and experienced team using careful and generally well-described methods. 

Overall the text and figures are composed to a very high standard.

The study investigates spatial colocation of cortical thickness (CT) with multiple molecular imaging 

maps (referred to as nuclear imaging) and maps of neurotransmitter density and cellular density 

derived from postmortem data. The basic concept of colocalising MRI phenotypes with genomic, 

molecular and cellular reference atlases in an effort to understand more about the neurobiological 

substrates of MRI phenotypes is not novel. This strategy has been widely used in recent years and 

it has generated interesting results, as in this paper, but it also has well-known limitations. It is 

clear that the authors are aware of all this. However, I am not sure how decisively this work 

advances the field beyond what has already been done, or tackles some of the fundamental 

limitations of spatial colocation analysis for mechanistic interpretation of MRI phenotypes.

The MRI CT maps are derived from normative modelling of ~50,000 scans as previously reported 

by Rutherford et al, and from the ABCD and IMAGEN datasets, to represent the cortical distribution 

of thickness as a function of age. Each age-specific CT map is then assessed for spatial co-location 

with factors derived from 49 prior atlases (Supp Info Table 1). 21 of the atlases are cell-specific 

gene expression patterns previously derived from the Allen Brain Atlas. Also included is a T1/T2 



myelin map from the Human Connectome Project. The remaining 27 atlases are derived from PET 

data using various transmitter-specific and other radiotracers. The molecular (imaging) and cellular 

(post mortem) atlases were then separately subject to factor analysis, resulting in 10 molecular 

and 10 cellular factors + the T1/T2 map = 21 so-called “multi-level brain systems”. Each of the 21 

factors was then tested for spatial colocation with the CT data cross-sectionally and with CT 

change scores for 5 year epochs by a sliding window analysis in the age range 5-90 years. I have a 

number of comments, questions about this approach.

1. The PET atlases are quite diverse in terms of age (mean age ranging from 22-68 years across 

atlases) and sample size (N ranging from 6-204). The ABA atlases are derived from N=6 with 

mean age 42.5 year. None of the reference atlases provides data over the same age range as the 

CT trajectories. The implications of this mis-match are briefly mentioned (as “noise”, in the last 

para of discussion) but not properly addressed. Do the authors assume that the cortical 

distribution of, say, the dopamine transporter (DAT), is unchanged over the life-cycle, and 

therefore that the available DAT map (mean age 61 years) is a reliable indicator of DAT distribution 

in adolescence? This assumption seems unlikely to be true, either for DAT or in general across all 

the reference atlases; but without it how we can make any mechanistic interpretation of colocation 

between developmentally varying CT measurements and fixed-in-time reference atlases? As far as 

I can see, the authors’ principal defence on this point is that some of their results are consistent 

with what is already known about the developmental dynamics of some molecules or cells in the 

brain. For example, in the Discussion, they note that the strong colocation of the dopamine-based 

factor with CT change in adolescence is consistent with prior data showing that D1 receptor 

density peaks during adolescence. Fig 6 descriptively summarises the context for some of the 

results reported in this paper compared to prior reports of developmental change in other 

molecules or cells. Personally, I didn’t find this very convincing. I understand that there are 

limitations to the data available for use as reference atlases for lifecycle development – but despite 

identifying this as a problematic aspect of prior studies using the ABA dataset (in Introduction), 

and their brief comments in Discussion, the authors could do more to convince the reader that 

spatial co-location of two maps measured at very different points in the lifecycle is mechanistically 

relevant (rather than descriptively interesting) for deeper understanding of brain developmental 

processes. I suggest this is particularly important because the analysis is correlational not causal, 

and the causal mechanistic significance of co-located “multi-level brain systems” and MRI maps 

would be debatable if the MLBS and MRI data were measured in demographically matched cohorts, 

or even from combined PET/MRI data in the same cohort, e.g., do dopamine receptor changes in 

adolescence drive CT changes, or vice versa?

2. There is insufficient detail provided about some aspects of the factor analysis used to generate 

“multi-level brain systems”. The following points were not clear to me: How were the reference 

atlases differentially weighted on each factor? How important was each of the 10 cell (or 

molecular) factors in terms of the proportion of total variance in the “raw” atlases that they 

accounted for? What was the extent of correlation between MLBS’s derived from non-orthogonal 

factor analysis? Without these data it is very difficult for a reader to make up their own mind about 

interpretation of the results of correlating these derived factors with CT maps. The rationale for 

progressively stepping down from 21 MLBS’s to 9 and then 6 and then focusing on a few “raw” PET 

atlases, over the course of the results, could also have been more clearly signposted in advance or 

justified.

3. It is commendable that the authors endeavour to generalise results derived from the Rutherford 

et al MRI dataset to ABCD and IMAGEN datasets including longitudinal data. It is reported that the 

MLBS co-location results reported on the basis of the Rutherford dataset are somewhat replicated 

in the ABCD and IMAGEN datasets (R2 25-56%). Since the MLBS’s are unchanged for the 

Rutherford and ABCD/IMAGEN analyses, presumably this degree of correspondence simply reflects 

the correlation between Rutherford and ABCD/IMAGEN CT maps? Likewise, the high degree of 

variability in MLBS-coupling noted at an individual level presumably reflects the typicality or 

atypicality of an individual’s CT phenotype compared to the developmental norms published by 

Rutherford? I apologise if I have missed something in the rather dense description of these 

analyses but showing that datasets A and B (Rutherford and ABCD/IMAGEN) are both correlated 

with fixed point of reference C (MLBS) surely only tells us that A and B are correlated? This would 

not be surprising, especially since the Rutherford dataset includes (baseline, cross-sectional) data 



from the ABCD cohort, i.e., A and B are not entirely independent of each other by construction. I 

would welcome greater clarity concerning the relationships between the MRI phenotypes (A and 

B), and the extent to which variability in individual MLBS-coupling reflects individual (a)typicality of 

MRI phenotypes compared to age-appropriate norms. As it stands, I found it difficult to see how 

the analysis of ABCD/IMAGEN longitudinal data, in aggregate or individually, added materially to 

the robustness or biological interpretation of the principal results derived from the Rutherford 

dataset.

4. The Discussion suggests that these methods and results can be used to validate new treatment 

targets, and/or to understand the molecular or cellular basis of atypical MRI phenotypes in 

neurodevelopmental disorders. However, there are no data reported on disorders and the only 

“targets” suggested by these results are “dopaminergic and microglial systems for early 

development as well as the cholinergic system in context of pathological aging”. This level of target 

validation is too broad-brush for practical purposes, e.g., drug development, and I’m not convinced 

it tells us anything we didn’t already know. Likewise, I think the claim (p15) that “spatial 

colocalization approaches can facilitate discovery of physiological mechanisms underlying specific 

conditions” is not really nailed down by the data that have been reported, due to the limitations of 

spatial correlational analysis for clarifying mechanistic relationships between correlated maps."
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54%2"7$52#6%.0#28"+%)0(.0%1(80/%723"$6("%3"'"65-1"2/#6%/$#F"./5$("*%54%1#.$5*.#6"%9$#(2%*/$7./7$";%

V245$/72#/"6=+%17.0%54%/0"%"'(3"2."%45$%/0"*"%$"6#/(52*0(-*%5$(8(2#/"*%4$51%$"*"#$.0%352"%3".#3"*%

#85+% 15*/% 25/")5$/0=% /0"% )5$:*% 9=% W7//"265.0"$% #23% .566"#87"*% KW7//"265.0"$+% SXYX+% SXXZC%

W7//"265.0"$%[%!#9056:#$+%SXXYL%#23% 6#/"$%M"/#2F":%"/%#6;% KM"/#2F":%"/%#6;+%\ZZ]+%\ZSSL;%J#F5$%

47$/0"$%"'(3"2."%)#*%/0"2%526=%-$5'(3"3%9=%M#7*%"/%#6;D*%*-#/(#6%.5$$"6#/(52%*/73("*%9#*"3%52%E66"2%

T$#(2%E/6#*%3#/#%KM#$:"$%"/%#6;+%\Z\ZC%M#/"6%"/%#6;+%\ZSXC%G0(2%"/%#6;+%\ZS]C%^(3#6QM(2"($5%"/%#6;+%\Z\ZC%

,528%"/%#6;+%\ZS]C%M#7*+%\ZS]L;% >2% 6(2"%)(/0%M#7*%#23%.566"#87"*+%)"%)5$:%)(/0% /0"% 45665)(28%

-$"1(*"*?%

1) X% (*% #% 2"7$59(5658(.#6% "2/(/=% K";8;+% 3"23$(/"*+% *-".(4(.% 2"7$52*+% 5$% 2"7$5/$#2*1(//"$%

$"."-/5$*L%/0#/%.0#28"*%)(/0%071#2%2"7$53"'"65-1"2/%#23%#8(28;%

2) A0#28"*%(2%X%1(80/%0#'"%35)2*/$"#1%"44"./*%52%AB%#*%1"#*7$"3%)(/0%J&>+%"(/0"$%3($"./6=%

K";8;+%15$"@6"**%2"7$52*%5$%3"23$(/"*% 6"#3% /5%0(80"$@65)"$%ABL%5$% (23($"./6=% K";8;+%0(80"$%

3"2*(/=% 54% #% 2"7$5/$#2*1(//"$% $"."-/5$% #*% #% -$5<=% 54% ."$/#(2% ."6676#$% */$7./7$"*%

3"'"65-(28@3"8$#3(28C% .5$/(.#6% 1="6(2#/(52% 6"#3(28% /5% .0#28"*% (2% 8$#=Q)0(/"Q1#//"$%

.52/$#*/L;% E6/"$2#/('"6=+% /0"$"% 1(80/% 9"% #% .51152% 2"7$59(5658(.#6% -$5."**% Y+% )0(.0%

(23"-"23"2/6=%#44"./*%95/0%X%#23%AB+%6"#3(28%/5%#%.5$$"6#/(52%9"/)""2%.0#28"*%(2%X%#23%

.0#28"*% (2%AB% /0#/%35"*%25/% $"P7($"% #%3($"./%.#7*#6% $"6#/(52*0(-%9"/)""2%X% #23%AB 97/%

)5763%*/(66%(1-6=%#%.51152%723"$6=(28%1".0#2(*1%*0#-(28%95/0;

3) X% (*% (2% #--"#$#2."% #23% */$"28/0%3(*/$(97/"3% 252Q05158"2"57*6=% #.$5**% .5$/(.#6% $"8(52*+%

$"*76/(28%(2%#%K15$"%5$%6"**L%*-".(4(.%*-#/(#6%3(*/$(97/(52;%

4) B0"%.$5**Q$"8(52#6%3(*/$(97/(52%54%X%(*%25/%2"."**#$(6=%*/#96"%#.$5**%/0"%071#2%6(4"*-#2+%97/%

(/% 1(80/% '#$=% )(/0% 2"7$53"'"65-1"2/% #23% #8(28;% W5)"'"$+% #% 1#F5$% .0#28"% 54% XD*%

3(*/$(97/(52% )5763% $"P7($"% /0#/% 176/(-6"% 9$#(2% $"8(52*% .0#28"% /0"($% $"6#/('"% $#2:*% 54% X%

3"2*(/=@"<-$"**(52@#./('(/=%#*%.51-#$"3%/5+%";8;+%#%8"2"$#6%3".$"#*"%54%X%(2%#66%$"8(52*%5$%#%

1#$8(2#6%(2.$"#*"%54%X%(2%52"%$"8(52%/0#/%35"*%25/%6"#3%/5%#%$"6"'#2/%_$"8(52%$#2:Q(2.$"#*"`;%
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G7.0% #%1#F5$% $"5$8#2(a#/(52% -$5."**% (*% $"6#/('"6=%15$"% 6(:"6=% 37$(28% 2"7$53"'"65-1"2/%

K(;";+%-$"Q9($/0% /5%1#<(1#66=%"#$6=%#376/0553L%#23%#8(28%K6#/"%#376/0553L% /0#2%37$(28% /0"%

$"6#/('"6=%*/#96"%1(336"%#376/0553%-"$(53;%

5) >4%.0#28"*% (2%X 5$%Y% 6"3%/5%.0#28"*%(2%AB+% /0"%*-#/(#6%3(*/$(97/(52%54% /0"*"%AB%.0#28"*%

)5763% 6(:"6=% $"*"196"% /0"% _*/"#3=Q*/#/"`% #376/% *-#/(#6% 3(*/$(97/(52% 54% X/Y;% B0(*% .#2% 9"%

#**71"3%#*%/0"%*/#96"%#376/%3(*/$(97/(52%54%#%8('"2%2"7$59(5658(.#6%"2/(/=%0#*%/5%9"%/0"%$"*76/%

54% (/*%2"7$53"'"65-1"2/+%#23%#6*5% /0"%9"8(22(28Q-5(2/%54% (/*%#8(28%-$5."**"*;%B0"$"45$"+%

.0#28"*%(2%X/Y%/0#/%6"#3%/5%AB%.0#28"*%)(66%6(:"6=%9"%*/$528"*/%(2%.5$/"<%$"8(52*%)(/0%0(80%

3"2*(/=@"<-$"**(52@#./('(/=%(2%X/YD*%_*/"#3=%*/#/"`%#*%/0(*%(*%"(/0"$%/0"%*/#/"%/0#/%/0"=%#$"%

#--$5#.0(28%K2"7$53"'"65-1"2/#6%AB%.0#28"*L%5$%.51(28%4$51%K#8(28%AB%.0#28"*L;

R$51%/0"*"%#**71-/(52*%45665)*%/0#/%#2%59*"$'"3%*-#/(#6%.5$$"6#/(52%9"/)""2%K(L%/0"%3(*/$(97/(52%54%

X% #*%1"#*7$"3% 37$(28% /0"% */#96"%-"$(53% #23% K((L% /0"% 3(*/$(97/(52%54%AB%.0#28"*% 37$(28% #%8('"2%

3"'"65-1"2/#6% -"$(53% .5763% 0#'"% $"*76/"3% 4$51% #% 3"'"65-1"2/#6% -$5."**% /0#/% X% (*% *79F"./% /5;%

b5/")5$/0=+%/0(*%9=%25%1"#2*%(*%/0"%526=%"<-6#2#/(52%45$%*7.0%AB%.0#28"*+%)0(.0%(*%3(*.7**"3%(2%

/0"%2"</%*"./(52%52%/0"%/5-(.%54%.#7*#6(/=;%R7$/0"$15$"+%#6/05780%)"%.52*(3"$%/0"1%.52."-/7#66=%

*5723+%(/%(*%.7$$"2/6=%25/%-5**(96"%/5%-$5'"%#66%54%57$%#**71-/(52*%#23%*-".(4(.%$"*"#$.0%52%/0"%1#//"$%

c%"*-".(#66=%52%.$5**Q$"8(52#6%*-#/(#6%-#//"$2*%54%K3"'"65-1"2/#6L%2"7$59(5658(.#6%-$5."**"*%c%(*%

"</$"1"6=%*.#$.";%R(2#66=+%/0"%3"*.$(9"3%4$#1")5$:%#**71"*%#2%(3"#6(a"3%*."2#$(5%(2%)0(.0%2"(/0"$%

1"#*7$"*%54%AB%.0#28"%25$%54%X%#$"%*79F"./%/5%25(*"%#23%(2%)0(.0%#66%_2"7$59(5658(.#6%1#$:"$*`%

54%X%#$"%1"#*7$"3%37$(28%/0"%*/#96"%1(3Q#376/0553%-"$(53;%%%

E*%/0(*%/5-(.%)#*%$#(*"3%9=%#66%$"'(")"$*%/5%*51"%3"8$""+%)"%/55:%8$"#/%.#$"%(2%$"'(*(28%57$%

"<-6#2#/(52%54% /0"% /0"5$"/(.#6%#$871"2/%723"$6=(28%57$%#--$5#.0%#*%57/6(2"3%(2%/0"%>2/$537./(52%

K/0($3% >2/$537./(52%-#$#8$#-0+%-;%\L%#23%.$(/(.#66=%"'#67#/"3% (2% /0"%!(*.7**(52% K/0($3%!(*.7**(52%

-#$#8$#-0+% -;% S\L;% >2% /0"% 6#//"$% .$(/(.#6% "'#67#/(52+% )"% "<-6(.(/6=% $"4"$% /5% /0"% .52."-/7#6% #23%

1"/0535658(.#6%(**7"*%/5%)0(.0%57$%#--$5#.0%1(80/%9"%*79F"./+%#*%)"66%#*%/5%/0"%(2/"$-$"/('"%.#'"#/*%

3(*.7**"3%(2%/0"%2"</%*"./(52%52%.#7*#6(/=;%>2%/0(*%.52/"</+%)"%0#'"%3(*/$(97/"3%/0"%4(2#6%d6(1(/#/(52*`%

-#$#8$#-0%#.$5**%/0"%3(*.7**(52%(2%5$3"$%/5%#33$"**%"#.0%/5-(.%(2%/0"%.52/"</%54%/0"%$"*76/*%#23%/07*%

"1-0#*(a"%/0"($%$"6"'#2.";%E%-5(2/%$#(*"3%9=%/)5%$"'(")"$*%-"$/#(2"3%/5%-$"1(*"%KeL%52%/0"%*/#9(6(/=%

54%.$5**Q$"8(52%$#2:*%54%2"7$59(5658(.#6%1#$:"$*%37$(28%1(3Q#376/0553;%,0(6"%/0(*%59'(57*6=%.5763%

9"%*05)2%"1-($(.#66=+%3#/#%/5%35%*5%45$%#66%54%/0"%"'#67#/"3%2"7$59(5658(.#6%1#$:"$*%(*%*.#$."%#23%

)5763%$"P7($"%8"2"%"<-$"**(52%#23%27.6"#$%(1#8(28%#**"**1"2/*%(2%6#$8"%*#1-6"*+%#.$5**%#%9$5#3%
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#8"%$#28"+%#23%)(/0%0(80%*-#/(#6%$"*567/(52;%B5%#33$"**%/0(*%(**7"%#*%4#$%#*%-5**(96"%)(/0%"<(*/(28%

3#/#+%)"%59/#(2"3%#33(/(52#6%27.6"#$%(1#8(28%1#-*%/0#/%)"$"%25/%(2.673"3%(2%57$%1#(2%#2#6=*"*%97/%

7*"3% /0"% *#1"% /$#."$% (2% 5/0"$% #8"% 8$57-*% #23% *05)"3% /0#/+% 45$% /0(*% *1#66% *"/% 54% /#$8"/*@/$#."$*%

K1f67&g+%!\+%^EA0/L+%.$5**Q$"8(52%$#2:*%#$"%(23""3%*/#96"%37$(28%#376/0553%KR(8;%G\L;%>23""3+%

/0(*% #2#6=*(*% )#*% #6$"#3=% (2.673"3% (2% /0"% '"$*(52% 54% /0"% 1#27*.$(-/% *791(//"3% /5% Nature 

Communications+% (2%$"*-52*"%/5%/0"%$"'(")"$%.511"2/*%)"%$"."('"3%#4/"$%*791(//(28%/5%Nature%

K.;4;%&"'(")"$%hiL;%W5)"'"$+%/0"%$"*76/*%)"$"%25/%"1-0#*(a"3%(2%/0"%1#(2%1#27*.$(-/+%)0(.0%)"%

25)%#33$"**"3%(2%&"*76/*%*"./(52%\;S%K_>2%*7--5$/%54%57$%#2#6=/(.#6%$#/(52#6"+%/0$""%2"7$5/$#2*1(//"$%

$"."-/5$*@/$#2*-5$/"$*+%45$%)0(.0%#6/"$2#/('"%#/6#*"*%4$51%3(44"$"2/%#376/%#8"%8$57-*%)"$"%#'#(6#96"+%

*05)"3%0(80%*/#9(6(/=%54%*-#/(#6%-#//"$2*%37$(28%#376/0553%KG-"#$1#2D*%$05%j%Z;U]C%B"</%GS;\;i+%

R(8;%G\L;`L;%&"6#/"36=+%)"%#//"1-/"3%/5%-$5'(3"%#%65)Q6"'"6%.524($1#/(52%54%57$%*-#/(#6%#**5.(#/(52%

$"*76/*%9=%#**"**(28%3"'"65-1"2/#6%/$#F"./5$("*%54%/0"%*/73("3%2"7$59(5658(.#6%1#$:"$*%3($"./6=%(2%

3"'"65-1"2/#6%8"2"%"<-$"**(52%3#/#%Kk#28%"/%#6;+%\ZSSL%KR(8;%eL;%E*%#95'"+%/0(*%#2#6=*(*%)#*%#33"3%

(2%$"*-52*"%/5%/0"%Nature%$"'(")"$*D%$"P7"*/*%45$%'#6(3#/(52%54%57$%$"*76/*%K.;4;%&"'(")"$%hiL;%,0(6"%

)"%-$"*"2/"3%/0"%$"*76/*%(2%.52/"</%)(/0%57$%1#(2%AB%.0#28"%#**5.(#/(52%4(23(28*+%/0"=%#6*5%.#$$=%

*51"%(245$1#/('"%'#67"%(2%*7--5$/%54%/0"%723"$6=(28%#**71-/(52*%45$%*-#/(#6%.5$$"6#/(52%#2#6=*"*+%

#*% */#/"3% #95'";%,"%25)%0(806(80/% /0(*% "<-6(.(/6=% (2% /0"%&"*76/*% KG"./(52% \;]+% _A52'"$*"6=+%)"%

59*"$'"3%$"6#/('"6=%*/#96"%-0#*"*%37$(28%1(3Q#376/0553%45$%15*/%8"2"*@8"2"%*"/*+%*7--5$/(28%57$%

1".0#2(*/(.%$#/(52#6"%K*""%>2/$537./(52L;`L;%%

Causality: 

E*% "6#95$#/"3% /05$57806=% #95'"+% 57$% #--$5#.0% 1#:"*% *51"% .#7*#6% #**71-/(52*% #957/%

-5**(96"% $"6#/(52*0(-*% 9"/)""2% 2"7$59(5658(.#6% "2/(/("*% #23% AB;% G7.0% #**71-/(52*+% 05)"'"$+%

*51")0#/%723"$6("%9=%4#$%/0"%15*/%2"7$5(1#8(28%*/73("*%#23%(24"$"2/(#6%*/#/(*/(.#6%#2#6=*"*+%#*%/0"%

85#6%54% *7.0%*/73("*%#23%#2#6=*"*% (*% /5% /"*/% 45$% *-".(4(.%0=-5/0"*"*% /5%#--$5#.0% /0"%723"$6=(28+%

(3"#66=%.#7*#6%$"6#/(52*0(-*+%9"/)""2%*-".(4(.%'#$(#96"*;%,"%"<-6(.(/6=%35%25/%#$87"%/0#/%57$%$"*76/*%

.52."$2(28%*-#/(#6%#**5.(#/(52*%9"/)""2%AB%.0#28"*%#23%2"7$59(5658(.#6%1#$:"$*%#2=05)%_-$5'"`%

.#7*#6%$"6#/(52*0(-*;%E/%15*/+%)"%.52*(3"$%/0"1%#*%(23(.#/5$*%54%#%-5/"2/(#6%1".0#2(*/(.%$"6#/(52*0(-%

9"/)""2%95/0%#*%-"$%/0"%#95'"%#$871"2/*;%O7$%*/73=%3"*(82+%#*%9#*(.#66=%#2=%*/73=%3"*(82%)(/057/%

#%.#7*#6%(2/"$'"2/(52+%35"*%25/%0#'"%/0"%#9(6(/=%/5%.524($1%.#7*#6%$"6#/(52*0(-*;%R7$/0"$15$"+%"'"2%

(4% #**71(28% *51"% .#7*#6(/=% (2% #% *-#/(#6% $"6#/(52*0(-% )"% $"-5$/% 52+% /0"% *-".(4(.(/=% 54% *7.0% #2%

#**5.(#/(52%)5763%9"%6(1(/"3%9=%1#2=%1"/0535658(.#6%(**7"*%*7.0%#*%/0"%K(L%/0"%*-#/(#6%$"*567/(52%
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54%AB%.0#28"%3#/#+%(;";+%/0"%#--6("3%!"*/$("7<%Se]Q$"8(52%-#$."66#/(52+%K((L%/0"%*-#/(#6%$"*567/(52%54%

2"7$59(5658(.#6% 1#$:"$*+% (;";+% /0"% $"*567/(52% 54% 27.6"#$% (1#8(28% #23% /0"% *#1-6(28% 54% 8"2"%

"<-$"**(52%3#/#+%#23%K(((L%(2/"$.5$$"6#/"3%*-#/(#6%3(*/$(97/(52*%54%2"7$59(5658(.#6%1#$:"$*;%%

A52*(3"$(28%#66%54%/0"*"%6(1(/#/(52*+%)"%/55:%8$"#/%.#$"%(2%/0"%$"'(*(52%54%57$%1#27*.$(-/%/5%

K(L% .5$$"./6=% .52/"</7#6(a"% /0"% 3"*.$(-/(52% 54% 57$% -$"1(*"*+% 57$% 1"/0535658=+% #23% 57$% $"*76/*+%

"*-".(#66=% 25/(28% /0"($% (2#9(6(/=% /5% -$5'"% .#7*#6(/=% K/0($3% >2/$537./(52% -#$#8$#-0+% -;% \?% _,"%

"1-0#*(a"%/0#/+%3"*-(/"%.#7*#6%#**71-/(52*%9"(28%1#3"%52%/0"%.52."-/7#6%*(3"%K*""%#95'"L+%2"(/0"$%

-$(5$%25$%/0"%.7$$"2/%*-#/(#6%.5$$"6#/(52%*/73=%.#2%#./7#66=%prove%.#7*#6%$"6#/(52*0(-*%9"/)""2%#2%

J&>Q59*"$'"3% .0#28"% -#//"$2% #23% /"*/"3% 2"7$59(5658(.#6% 1#$:"$*;% &"6#/"36=+% /0"% *-".(4(.(/=% 54%

*-#/(#6%#**5.(#/(52*%(*%(20"$"2/6=%6(1(/"3%9=%/0"%*-#/(#6%$"*567/(52%#23%25(*"%#**5.(#/"3%)(/0%95/0%

.5$$"6#/"3% .51-52"2/*;`C% G7--6"1"2/#$=% B"</% GS;SL+% #23% K((L% #33"3% #% 2")% -#$#8$#-0% /5% /0"%

3(*.7**(52%(2%)0(.0%)"%3('"%(2/5%/0"%(**7"%54%.#7*#6(/=%#23%*-".(4(.(/=%(2%*-#/(#6%.5$$"6#/(52%#2#6=*"*%

#23%57/6(2"%-5/"2/(#6%$"*"#$.0%-#/0*%/5%"'56'"%/0"%#--$5#.0%47$/0"$%K/0($3%!(*.7**(52%-#$#8$#-0+%-;%

S\L;%%

The argument for spatial correlation analyses (with “normative” neurobiological markers): 

,"%.6"#$6=%25/"%/0#/%*-#/(#6%.5$$"6#/(52%#--$5#.0"*%)5763%9"%$#/0"$%722"."**#$=%(4%)"%.5763%

1"#*7$"%#%8('"2%9(5658(.#6%"2/(/=%(2%071#2*%(2Q'('5%#23%#/%*.#6";%W5)"'"$+%/0(*%(*%526=%0#$36=+%5$%

54/"2% 25/% #/% #66+% -5**(96"% 8('"2% /53#=D*% 2"7$5(1#8(28% /556*;% E./('(/=% 5$% */$7./7$#6% .0#28"*% 54%

2"7$52#6%5$%86(#6%."66*%.#225/%9"%1"#*7$"3%(2Q'('5%(2%0"#6/0=@/=-(.#6%3"'"65-(28%071#2*%#23%-5*/Q

15$/"1%3#/#+%"*-".(#66=%.52*(3"$(28%"#$6("$%2"7$53"'"65-1"2/#6%-"$(53*+%(*%"</$"1"6=%*.#$."%#23%

1#=%*744"$%4$51%5/0"$%723"$6=(28%9(#*"*;%B53#=+%2"7$5/$#2*1(//"$%#./('(/=+%9$#(2%(1172"%#./('(/=+%

#23+% /5% #% 6"**"$% 3"8$""+% 9$#(2%1"/#956(*1%.#2% 9"%1"#*7$"3% /5% #% '"$=% 6(1(/"3%3"8$""% (2Q'('5% (2%

071#2*% 526=% 7*(28% 27.6"#$% (1#8(28% /".02(P7"*;%B0"% 7*"% 54% *7.0% /".02(P7"*% 45$% */73=% 54% 9$#(2%

3"'"65-1"2/+% 05)"'"$+% (*% *79F"./% /5% *"'"$"% -$#./(.#6% #23% "/0(.#6% .0#66"28"*;% E*(3"% 4$51% /0"%

-$#./(.#6%(**7"*%K(;";+%0(80%"445$/%/5%1#(2/#(2%#%27.6"#$%(1#8(28%4#.(6(/=%#23%#**5.(#/"3%0(80%.5*/*+%

$"37.(28% 4"#*(96"% *#1-6"% *(a"*L+% /0"% "<-5*7$"% /5% $#3(5#./('(/=% -$#./(.#66=% 45$9(3*% #--6(.#/(52% (2%

0"#6/0=%.0(63$"2%#23%#356"*."2/*;%f('"2%/0"*"%*/$528%1"/0535658(.#6%#23%"/0(.#6%6(1(/#/(52*+%/5%3#/"%

/0"% *-#/(#6% .5$$"6#/(52% #--$5#.0% (*% /0"% 15*/% $"#*52#96"% $57/"% /5% /#:";% >2% /0"% .52/"</% 54% /0"%

1"/0535658(.#6% #**71-/(52*% 3(*.7**"3% #95'"+% /0"% $"'(")"$*% *788"*/"3% 7*(28% #8"Q*-".(4(.%

/"1-6#/"*%54%_2"7$59(5658(.#6%1#$:"$*`%(2%57$%#2#6=*"*;%E*%6(2"3%57/%#95'"+%57$%#$871"2/%(*%(23""3%

9#*"3%52%/0"%(3"#%54%7*(28%_4(<"3`%1#$:"$*%59/#(2"3%37$(28%#%$"6#/('"6=%*/#96"%071#2%3"'"65-1"2/#6%
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-"$(53% #*% #% $"4"$"2.";%V*"%54%#8"Q#3F7*/"3% #/6#*"*%)5763%9#*(.#66=%-$"'"2/% /0"% (2/"$-$"/#/(52%54%

.5$$"6#/(52#6% 4(23(28*%9#*"3%52% /0"% 658(.%3(*.7**"3%#95'"+% (;";% #%.0#28"% (2%.5$$"6#/(52%.5763%9"%

#//$(97/"3% /5% #% .0#28"% (2% /0"% #/6#*% #23@5$% /0"% 472./(52#6% 3#/#+% 5$% #6/"$2#/('"6=+% (4% 95/0% #$"%

1".0#2(*/(.#66=%6(2:"3+%#%*(176/#2"57*%.0#28"%(2%95/0%1"#*7$"*%.5763%$"*76/%(2%#%*/#96"%.5$$"6#/(52;%

,"% 2"'"$/0"6"**% #8$""% /0#/+% 7*(28% #% 153(4("3% #2#6=*(*% 4$#1")5$:+% 17.0% (245$1#/(52% .5763% 9"%

8#(2"3%4$51%7*(28%#8"Q*-".(4(.%/"1-6#/"*;%W5)"'"$+%37"%/5%/0"%.52*/$#(2/*%3(*.7**"3%#95'"+%)"%35%

25/%9"6("'"%/0#/%/0(*%(*%-5**(96"%(2%/0"%45$"*""#96"%47/7$";%

E*% $"P7"*/"3% 9=% &"'(")"$% h\+% )"% 0#'"% #6*5% "</"23"3% 52% /0"% 3(*.7**(52% 54% _-$#./(.#6%

59*/#.6"*`% 6(1(/(28% /0"% #'#(6#9(6(/=% 54% 071#2% 3#/#+% #23% 52% /0"% $"*76/(28% #$871"2/% 45$% *-#/(#6%

.5$$"6#/(52%#2#6=*"*+%(2%/0"%>2/$537./(52%K*".523%-#$#8$#-0+%-;%Sc\L;%%

%

,"% 05-"% /0#/% /0(*% 3"/#(6"3% #$871"2/#/(52% -$5'(3"*% #% .51-"66(28% .#*"% 45$% /0"% 7*"% 54% *-#/(#6%

.5$$"6#/(52%#2#6=*"*%#*%#%'(#96"%/556%/5%#--$5#.0%/0"%1".0#2(*1*%723"$6=(28%6(4"Q/(1"%AB%.0#28"*%

#*%"'#67#/"3%(2%57$%*/73=;%>2%/0"%45665)(28+%)"%#33$"**%(2%#%-5(2/Q9=Q-5(2/%$"-6=%/0"%15$"%*-".(4(.%

.511"2/*%$#(*"3%9=%"#.0%$"'(")"$;%

Reviewer #1: 

>2% /0(*% 1#27*.$(-/+% /0"% #7/05$*% (2'"*/(8#/"3% *-#/(#6% #**5.(#/(52*% 9"/)""2% 1#2=% 2"7$59(5658(.#6%

*(82#/7$"*%#23%6(4"*-#2%.0#28"*%(2%.5$/(.#6%15$-05658=;%G-".(4(.#66=+%/0"=%.566"./"3%eX%-5*/15$/"1%

#23%(2%'('5%9$#(2%#/6#*"*%.5'"$(28%156".76#$%#23%."6676#$%-$5."**"*%(2%0"#6/0=%#376/%*#1-6"*+%)0(.0%

)"$"%6(2:"3%/5%6(4"*-#2%.0#28"*%(2%.5$/(.#6%/0(.:2"**;%B0(*%(*%#%/(1"6=%#23%(1-5$/#2/%*/73=+%$"'"#6(28%

#%-5/"2/(#6%2"7$59(5658(.#6%9#*(*%45$%/0"%1#/7$#/(52%54%.5$/(.#6%15$-05658=;%W"$"+%>%0#'"%*"'"$#6%

1#F5$%#23%1(25$%.52."$2*+%)0(.0%#$"%57/6(2"3%9"65);%>%05-"%/0#/%/0"*"%.511"2/*%#23%*788"*/(52*%

.#2%9"%7*"3%/5%47$/0"$%(1-$5'"%/0"%1#27*.$(-/%-$(5$%/5%-796(.#/(52;%

,"%/0#2:%$"'(")"$%hS%45$%/0"($%-5*(/('"%"'#67#/(52%54%57$%)5$:l%,"%05-"%/0#/%57$%.0#28"*%

/5%/0"%1#27*.$(-/%#6528%)(/0%57$%$"*-52*"*%-$5'(3"3%9"65)%*744(.("2/6=%#33$"**%/0"($%.52."$2*;%

B0"%#7/05$*%0=-5/0"*(a"3%/0#/%*-#/(5/"1-5$#6%-#//"$2*%54%/0(.:2"**%3"'"65-1"2/%.565.#6(a"%)(/0%

252-#/05658(.#6%#376/%*-#/(#6%3(*/$(97/(52*%54%/0"%$"*-"./('"%2"7$59(5658(.#6%1#$:"$*;%f('"2%/0#/%

1#2=% 2"7$59(5658(.#6% *(82#/7$"*+% *7.0% #*% 9$#(2% 1"/#956(*1+% 3"'"65-% )(/0% (2.$"#*(28% #8"+% /0"%
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#7/05$*% *05763% .6"#$6=% #33$"**% #23% '#6(3#/"% /0"% '#6(3(/=%54% *-#/(#6% #**5.(#/(52% #2#6=*(*%9"/)""2%

6(4"*-#2%.0#28"*%(2%/0(.:2"**%#23%#376/%2"7$59(5658(.#6%1#$:"$*;%%

,"%/0#2:%/0"%$"'(")"$%45$%/0(*%*788"*/(52%/0#/%)#*%#6*5%$#(*"3%9=%95/0%5/0"$%$"'(")"$*;%,"%

0#'"%25)%3(*.7**"3%/0(*%(**7"%(2%3"/#(6%#/%/0"%9"8(22(28%54%/0(*%$"*-52*"%6"//"$%#23%(2/"8$#/"3%/0"%

$"*-"./('"%.0#28"*%(2/5%/0"%$"'(*"3%1#27*.$(-/;%,"%05-"%/0#/%)"%0#'"%25)%*744(.("2/6=%#33$"**"3%

/0"%.52."$2*%54%/0"%$"'(")"$%(2%/0(*%$"8#$3;%

B(/6"?% B0(*% */73=% (*% #% *-#/(#6% #**5.(#/(52% #2#6=*(*% #23% 35"*% 25/% #33$"**% 05)% 071#2% .5$/"<%

3"'"65-1"2/%(*%*0#-"3%9=%156".76#$%#23%."6676#$%9$#(2%*=*/"1*;%

>2%6(2"%)(/0%57$%15$"%.#$"476%#23%"</"23"3%/$"#/1"2/%54%/0"%/5-(.%54%.#7*#6(/=%#*%3(*.7**"3%

(2%/0"%(2/$537./5$=%-#$/%54%/0(*%$"*-52*"%6"//"$+%)"%.0#28"3%/0"%/(/6"%/5%_&"8(52#6%-#//"$2*%54%071#2%

.5$/"<%3"'"65-1"2/%.565.#6(a"%)(/0%723"$6=(28%2"7$59(5658=`;%,"%.52*(3"$%/0(*%.05(."%/5%9"%15$"%

(245$1#/('"%#957/%/0"%.5$$"6#/(52#6%2#/7$"%54%57$%*/73=;%

>2/$537./(52;%B0"%1#27*.$(-/%35"*%25/%-$5'(3"%*744(.("2/%3"/#(6%52% /0"%-5/"2/(#6%1".0#2(*1*%9=%

)0(.0%/0"*"%156".76#$%#23%."6676#$%-$5."**"*%(2467"2."%/0"%3"'"65-1"2/%54%.5$/(.#6%/0(.:2"**;%E%

47$/0"$%3"*.$(-/(52%)5763%9"%9"2"4(.(#6;%

,"%#8$""%)(/0% /0"% $"'(")"$% #23%25)%"6#95$#/"% (2%15$"%3"/#(6% 52%-5/"2/(#6%1".0#2(*1*%

/0$5780%)0(.0%/0"%(2'"*/(8#/"3%*-#/(#6%$"6#/(52*0(-*%.5763%#$(*"%K*".523%>2/$537./(52%-#$#8$#-0L?%

_f('"2%/0"%176/(/73"%54%2"7$59(5658(.#6%1".0#2(*1*%/0#/%6(:"6=%*0#-"%.5$/"<%15$-05658=%5'"$%/0"%

6(4"/(1"+% (/% (*% /5%#**71"%/0#/%AB%.0#28"%-#//"$2*%#/%#2=%8('"2%3"'"65-1"2/#6%-"$(53%$"*76/%4$51%

*"'"$#6%(2/"$#./(28%9(5658(.#6%4#./5$*%F5(2/6=%(2467"2.(28%.5$/(.#6%1(.$5*/$7./7$"%#*%57/6(2"3%#95'";%

R5$% "<#1-6"+% .52."$/"3% 3"'"65-1"2/*% #.$5**% .5$/(.#6% ."66% -5-76#/(52*% .5763% 9"% 1"3(#/"3% '(#%

*-".(4(.%2"7$5/$#2*1(//"$%"44"./*%-$5F"./"3%4$51%3""-"$%9$#(2%$"8(52*+%#*%)#*%(23(.#/"3%(2%"#$6=%252Q

071#2% #2(1#6% */73("*% 45$+% ";8;+% 867/#1#/"$8(.% #23% *"$5/52"$8(.% "44"./*% 54% /0#6#15.5$/(.#6%

-$5F"./(52*% 52% 15/5$% #23% *51#/5*"2*5$=% .5$/(."*% #*% )"66% #*% 45$% 35-#1(2"$8(.% "44"./*% 54%

1"*5.5$/(.#6%-$5F"./(52*%52%/0"%-$"4$52/#6%.5$/"<;%&"6#/"36=+%2"7$5/$#2*1(//"$%$"."-/5$*%6(:"6=%-6#=%

$"876#/5$=% $56"*% (2% .5$/(.#6% 3"'"65-1"2/% #*% "'(3"2."3+% 45$% (2*/#2."+% 9=% /0"% "44"./*% 54% (2Q7/"$5%

.5.#(2"% "<-5*7$"% 52% .5$/(.#6%1#.$5*/$7./7$"+% /05780/% /5% 9"% .#7*"3% 9=% #% 3(*$7-/(52%!S% #23% !\%

35-#1(2"$8(.%$"."-/5$%(2467"2."*%37$(28%.5$/"<%3"'"65-1"2/;`%

B0"%9$#(2.0#$/%3#/#%#$"%4$51%#%-$"'(57*6=%-796(*0"3%*/73=%K&7/0"$45$3%"/%#6;L;%W5)"'"$+%4$51%/0"%

#8"%3(*/$(97/(52%*05)2%(2%R(8;%Gg+%/0"$"%#$"%'"$=%3(44"$"2/%2719"$*%54%*79F"./*%#/%3(44"$"2/%#8"*;%>2%
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-#$/(.76#$+%/0"$"%#$"%'"$=%4")%*79F"./*%9"45$"%#8"%SZ%#23%#$5723%eZ;%>*%/0"%9$#(2.0#$/%3#/#%#44"./"3%

9=%/0"*"%.5245723(28%'#$(#96"*m%

,"%/0#2:%/0"%$"'(")"$%45$%/0(*%.511"2/%52%#%-5/"2/(#6%.5245723;%B0"%#8"%3(*/$(97/(52%KR(8;%

GgL%$"*"196"*%#%-#//"$2%45723%(2%15*/%6(4"*-#2%25$1#/('"%153"6(28%*/73("*%-796(*0"3%/5%3#/"%K";8;+%

T"/06"0"1%"/%#6;+%\Z\\L;%B0"%-#//"$2%(*%.#7*"3%9=%.51-#$#/('"6=%6#$8"%8$57-*%54%*79F"./*%4$51%/0"%

ETA!%#23%VkQT(59#2:%*/73("*;%W5)"'"$+%)"%)5763%6(:"%/5%25/"%/0#/%/0"%.52.67*(52%54%526=%_'"$=%

4")`% *79F"./*% 9"45$"% SZ% #23% #4/"$% eZ% ="#$*% (*% 9(#*"3% 9=% /0"% '(*7#6(a#/(52% 37"% /5% /0"% 5'"$Q

-$5-5$/(52#66=% 0(80% 2719"$% (2% /0"% 5/0"$% #8"% $#28";% G-".(4(.#66=+% 4$51% g% ="#$*% 52+% /0"% *#1-6"%

.52*(*/"2/6=%.52/#(2*%5'"$%gZ%*79F"./*%-"$%="#$+%)0(.0%(*%(2%6(2"%)(/0%/0"%.7$$"2/%"*/(1#/"%54%#957/%

i+ZZZ% *79F"./*% 2"."**#$=% 45$% $597*/% 6(4"*-#2%153"6(28% 54%9$#(2% 3#/#%-$5'(3"3%9=% /0"%Nb>fJE%

H(4"*-#2%,5$:(28%f$57-%Kf"%"/%#6;+%\Z\eL;%,"%2"'"$/0"6"**%#**"**"3%/0"%-5/"2/(#6%(2467"2."*%54%

/0"%252Q72(45$1%#8"%3(*/$(97/(52%52%57$%4($*/%1#(2%57/.51"+%(;";+%/0"%AB%.0#28"%'#$(#2."%"<-6#(2"3%

(2% /0"% (23('(37#6+% 72('#$(#/"% $"8$"**(52%153"6*% K.;4;+% R(8;% i+% 65)"$% $5)L;% R(87$"%GS\% *05)*% /0"%

.5$$"6#/(52*%9"/)""2%K(L%/0"%2719"$%54%T$#(2.0#$/*%*79F"./*%-"$%#8"Q)(235)%(2%57$%1#(2%#2#6=*"*%

KgQ="#$% 6"28/0+% SQ="#$% */"-*L% #23% K((L% /0"% &\% '#67"*% (23(.#/(28% 72('#$(#/"% #23% 176/('#$(#/"%

#**5.(#/(52*%9"/)""2%AB%.0#28"%#23%2"7$59(5658(.#6%1#$:"$*;%,"%#**"**"3%*(82(4(.#2."%54%/0"*"%

#**5.(#/(52*%9#*"3%52%/0"%1#$:"$%2766%1#-*%7*"3%(2%57$%1#(2%#2#6=*"*%#23%45723%/0#/%252"%54%/0"%

1#$:"$*%)0(.0%"<-6#(2"3%AB%.0#28"*%KR!&Q.5$$"./"3L%*05)"3%#%*(82(4(.#2/%.5$$"6#/(52%/5%/0"%#8"%

3(*/$(97/(52%(23(.#/(28%/0#/%/0"*"%4(23(28*%#$"%25/%(237."3%9=%/0(*%.5245723%KG7--6"1"2/#$=%B"</%

GS;i;iL;% W5)"'"$+% #*% *7.0% #2% #2#6=*(*% 1#=% 25/% 9"% *744(.("2/% /5% 4766=% "<.673"% #2=% -5/"2/(#6%

.5245723*% (237."3% 9=% /0"% 252Q72(45$1% T$#(2.0#$/*% #8"% 3(*/$(97/(52% )"% 0#'"% #6*5% #33"3% /0(*%

6(1(/#/(52%#/%/0"%#--$5-$(#/"%-6#."%(2%/0"%!(*.7**(52%K*".523%-#$#8$#-0C%-;%SSL;%

H(2"*%ScSZ+%M#8"%U;%B0"%#7/05$*%*05)%/0"%*-#/(#6%#**5.(#/(52*%9"/)""2%.$5**Q*"./(52#6%/0(.:2"**%

#23%2"7$59(5658(.#6%4"#/7$"*%#23%3"*.$(9"%3('"$*"%.565.#6(a#/(52%/$#F"./5$("*;%W5)"'"$+%/0"%$"*76/*%

#$"%25/%.6"#$6=%3"*.$(9"3;%B0"%#7/05$*%45723%#%8"2"$#6%-#//"$2%54%*/$528"*/%.0#28"*%4$51%.0(630553%

/5%=5728%#376/0553%K7-% /5%#--$5<(1#/"6=%iZ%="#$*L%#*%)"66%#*% (2% 6#/"%#376/0553%K4$51%UZ%="#$*%

52)#$3*C%R(8;%GYL;%E%-5**(96"%$"#*52%45$%/0(*%$"*76/%(*%/0#/%/0"%2"7$59(5658(.#6%1#-*%#$"%4$51%#376/%

9$#(2*;%R(87$"%GY%*05763%9"%15'"3%/5%/0"%1#(2%/"</;%B0"%#7/05$*%*/#/"3%/0#/%*"<%3(3%25/%$"6"'#2/6=%

(2467"2."%/0"%/$#F"./5$("*%KR(8;%]L;%!(3%/0"=%-"$45$1%*/#/(*/(.#6%.51-#$(*52*%45$%*"<%3(44"$"2."*m%

,"%/0#2:%/0"%$"'(")"$%45$%/0"($%*788"*/(52%/5%-7/%*/$528"$%"1-0#*(*%52%/0"%_.$5**Q*"./(52#6`%

*-#/(#6%.565.#6(a#/(52%-#//"$2*%9"/)""2%153"6"3%AB%#23%2"7$59(5658(.#6%1#$:"$*;%B0"%$"*-"./('"%



9 

Manuscript NCOMMS-23-54400-T: Revision 1 
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#2#6=*(*%$#/0"$%*"$'"3%3"152*/$#/(52#6%-7$-5*"*%#*%/0"%.5$"%54%/0"%-#-"$%K#*%"1-0#*(a"3%/0$578057/%

/0"%1#27*.$(-/%#23%25)%#6*5%(2%.52*(3"$#96=%15$"%3"/#(6%(2%/0"%(2/$537./(52L%(*%52%/0"%$"6#/(52*0(-%

9"/)""2%.0#28"*%54%AB%#23%-5/"2/(#66=%723"$6=(28%2"7$59(5658=;%R5$%/0(*%$"#*52+%/0"%-$(5$%R(8;%GY%

)#*%25/%(2.673"3%(2%/0"%1#(2%1#27*.$(-/+%#23%)"%.05*"%/5%25/%3"*.$(9"%(23('(37#6%.$5**Q*"./(52#6%

/$#F"./5$("*%(2%3"/#(6;%W5)"'"$+%45665)(28%/0"%$"'(")"$n*%.511"2/+%)"%0#'"%25)%15'"3%/0"%R(87$"%

/5%/0"%1#(2%1#27*.$(-/%K25)%R(8;%\+%15'(28%-$(5$%R(87$"*%\cU%/5%-5*(/(52%icYL;%B0"%R(87$"%*05)*%

/0"%/$#F"./5$("*%54%KG-"#$1#2L%.565.#6(a#/(52%"*/(1#/"*%9"/)""2%/0"%\S%2"7$59(5658(.#6%1#$:"$*%#23%

.$5**Q*"./(52#6% 153"6"3% AB% #*% "</$#./"3% 45$% ="#$% g% /5% XZ% 4$51% /0"% 25$1#/('"% 153"6;% B5%

3"*.$(-/('"6=% *7--5$/% 57$% .6#(1%54% _/0"% */$528"*/% .0#28"*% 7-% 72/(6% iZ% ="#$*% #23% 4$51%UZ% ="#$*%

52)#$3*`+%)"%#33"3%.0#28"%-65/*+%'(*7#6(a(28+%45$%"'"$=%/(1"-5(2/+% /0"%.0#28"%(2%.565.#6(a#/(52%

#.$5**%/0"%2"</%S+%\+%i+%e+%#23%g%="#$*;%>2%$"*-52*"%/5%#%45665)(28%.511"2/%9=%/0(*%$"'(")"$+%)"%

#6*5%(2.673"3%6"4/%#23%$(80/%0"1(*-0"$"%*7$4#."%-$5F"./(52*%54%/0"%2"7$59(5658(.#6%1#$:"$*%(2%/0(*%

4(87$"%(2%5$3"$%/5%3(*-6#=%/0"1%(2%/0"%1#(2%1#27*.$(-/;%E*%/0"*"%.565.#6(a#/(52%#2#6=*"*%54%.$5**Q

*"./(52#6%153"6"3%AB%K#6*5%-"$/#(2(28%/5%/0"%#2#6=*"*%54%6#/"$%153"6"3%AB%.0#28"L%#$"%9#*"3%52%

-$"3(./(52*%4$51%/0"%25$1#/('"%153"6+%)"%.#225/%-"$45$1%'#6(3%*/#/(*/(.#6%/"*/*%45$%-5/"2/(#6%*"<%

3(44"$"2."*%97/%526=%3"*.$(9"%/0"1%'(*7#66=;%B5%4#.(6(/#/"%/0(*+%)"%#33"3%#%2")%R(87$"%KG]L+%*05)(28%

/0"%HONGG%.7$'"*%4(//"3%/5%/0"%-$"3(./"3%AB%.565.#6(a#/(52%3#/#%45$%"#.0%*"<%(2%3($"./%.51-#$(*52;%

W"$"+% )"% *""% '#$(#96"% 3(44"$"2."*% (2% .565.#6(a#/(52% */$"28/0+% 97/% 25% 59'(57*% 3(44"$"2."*% (2%

/$#F"./5$("*;% ,"% 25)% $"4"$% /5% /0(*% #6*5% (2% /0"% $"*76/*% 3"*.$(-/(52% KG"./(52% \;i?% _O2% '(*7#6%

.51-#$(*52+%/$#F"./5$("*%#--"#$"3%*(1(6#$%#.$5**%*"<"*%97/%-#$/6=%3(44"$"3%(2%5'"$#66%.565.#6(a#/(52%

*/$"28/0%KR(8;%G]L;%B0"%153"6"3%2#/7$"%54%/0"%.565.#6(a#/(52%"*/(1#/"*%-$".673"3%*/#/(*/(.#6%/"*/*+%

)0(.0% )5763% 2""3% /5% 9"% .5237./"3% (2% (23('(37#6Q6"'"6% 3#/#;`L;% R(2#66=+% $"8#$3(28% /0"% -5/"2/(#6%

(1-#./% 54% 2"7$59(5658(.#6% 1#$:"$% #8"% 52% 153"6"3% AB% .565.#6(a#/(52+% )"% #33"3% #2% #33(/(52#6%

*"2*(/('(/=%#2#6=*(*%*(1(6#$% /5%/0"%#2#6=*(*%52%-5/"2/(#6%#**5.(#/(52*%9"/)""2%/0"%T$#(2.0#$/*%#8"%

3(*/$(97/(52% #23% "<-6#(2"3% 153"6"3% AB% .0#28"% 3"*.$(9"3% (2% /0"% -$"."3(28% .511"2/;% >2%

G7--6"1"2/#$=%B"</%GS;i;i%#23%R(8;%GSi+%)"%/"*/%(4%/0"%"<-6#(2"3%153"6"3%AB%.0#28"%)#*%0(80"*/%

(2% /(1"%)(235)*%15*/%3(*/#2/% 4$51% /0"% $"*-"./('"%_1#$:"$% *57$."% #8"`;%,"%#$"%#)#$"% /0#/% /0"%

$"'(")"$%1"2/(52"3%/0(*%.52."$2%(2%.52/"</%)(/0%/0"%.$5**Q*"./(52#6%.565.#6(a#/(52%$"*76/*%97/%#*%

/0"% K-*"735QL6528(/73(2#6% $"*76/*% #$"% /0"% 45.7*% 54% /0(*% )5$:+% )"% 3".(3"3% /5% -"$45$1% #66% 1#F5$%

*"2*(/('(/=%#2#6=*"*%52%/0"%153"6"3%AB%.0#28"%3#/#;%,"%35%25/%4(23%"'(3"2."%45$%*7.0%*=*/"1#/(.%

$"6#/(52*0(-*;%&#/0"$% /0"%-"#:*%54%"<-6#(2"3%153"6"3%AB%.0#28"%)"$"%15*/6=% 65.#/"3%9"45$"%5$%
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.65*"%/5%/0"%$"*-"./('"%1#$:"$%*57$."%#8"%K#8"*%3(*/$(97/"3%#$5723%iZ%/5%gZ%="#$*L+%(2%6(2"%)(/0%/0"%

25/(52%/0#/%.5$/"<%3"'"65-1"2/%.52/(27"*%(2/5%"#$6=%#376/0553;%

B0"% #7/05$*% *05)"3% /0"% *-#/(#6% #**5.(#/(52*% 9"/)""2% 2"7$59(5658(.#6% 1#$:"$*% #23% .0#28"*% (2%

.5$/(.#6% 15$-05658=;% G"'"$#6% */73("*% 0#'"% 3"152*/$#/"3% #% 2"/)5$:% 1".0#2(*1% 723"$6=(28% /0"%

1#/7$#/(52%54%.5$/(.#6%15$-05658=%K";8;+%MJ>!?%\YegYXiSC%MJ>!?%i]\Y]]ZYL;% >%)5763%*788"*/%

#33(28%#%3(*.7**(52%52%/0(*%/5-(.;%

,"%#8$""%)(/0%/0"%$"'(")"$%/0#/%/0(*%(*%#%$"#*52#96"%$57/"%/5%"<-65$"%(2%.52/"</%)(/0%57$%

$"*76/*;%,"%25)%.(/"%/0"%-$5'(3"3%*/73("*%(2%/0"%3(*.7**(52+%(2/$537.(28%/0"1%4$51%/0"%-"$*-"./('"%

54%3('"$8(28%3"'"65-1"2/%54%72(153#6%#23%/$#2*153#6%.5$/(.#6%#$"#*;%,0(6"+%9#*"3%52%/0"%$"*(37#6%

3(44"$"2."% K(;";+% _6"#'"Q52"Q$"8(52Q57/`L% #2#6=*"*+% )"% 4(23% /0#/% *51"% .5$/(.#6% #$"#*% /=-(.#66=%

(1-6(.#/"3%(2%*7.0%*/73("*%*""1%/5%9"%$"6"'#2/%45$%57$%$"*76/*+%/0"%5'"$#66%-#//"$2*%35%25/%1#/.0;%

N;8;+%54/"2/(1"*%/0"%.(2876#/"%5$%-#$#0(--5.#1-#6%.5$/"<%(*%(1-6(.#/"3%(2%#%*-#/(#6%.565.#6(a#/(52%

/58"/0"$% )(/0% 15/5$% 5$% 72(153#6% 1"3(#6% 5..(-(/#6% .5$/(."*% c% #% -#//"$2% /0#/% 35"*% 25/% 4(/% (2% /0"%

72(153#6@/$#2*153#6% 6(/"$#/7$"% #23% *7$"6=% $"P7($"*% 47$/0"$% (2'"*/(8#/(52% K4($*/% !(*.7**(52%

-#$#8$#-0+%-;%SSL;%

B0"%.7$'"*%-$"*"2/"3%(2%R(8;%\%#--"#$%/5%3(44"$%4$51%/05*"%(2%R(8;%iE;%>/%(*%72.6"#$%)0(.0%$"*76/%

*05763% 9"% $"4"$"2."3% /5% 723"$*/#23% )0(.0% 156".76#$% #23% ."6676#$% 1#$:"$*% 15$"% *(82(4(.#2/6=%

.52*/$#(2%.5$/(.#6%/0(.:2"**%3"'"65-1"2/%#/%*-".(4(.%#8"*;%M6"#*"%.6#$(4=;%

,"% #-5658(a"% /0#/% )"% 3(3% 25/% *744(.("2/6=% 0(806(80/% 57$% 0("$#$.0(.#6% #2#6=*(*% )5$:465)%

"25780% /0$578057/% /0"%-#-"$;%,"%25)%"1-0#*(a"%57$%#2#6=*(*%)5$:465)%15$"%"<-6(.(/6=% (2% /0"%

*".523%*79*"./(52%54%/0"%&"*76/*+%#6528%/0"%*/$7./7$"%-$5'(3"3%)(/0%R(8;%S;%R7$/0"$15$"+%37$(28%/0"%

$"-5$/(28%54%#./7#6%$"*76/*+%)"%.6"#$6=%3"*.$(9"%/0"%#--6("3%0("$#$.0(.#6%-$5."37$";%G-".(4(.#66=+%R(8;%

i%K-$"'(57*6=%R(8;%\L%*05)*%05)%/0"%\S%2"7$59(5658(.#6%1#$:"$*%F5(2/6=%K176/('#$(#/"%$"8$"**(52+%

7--"$%-#2"6L%5$%*"-#$#/"6=%K72('#$(#/"% $"8$"**(52+% 65)"$%-#2"6L%"<-6#(2%153"6"3%AB%.0#28";%E*%

3"*.$(9"3%(2%/0"%1#27*.$(-/+%R(87$"%e%K-$"'(57*6=%R(8;%iL%*05)*%351(2#2."%#2#6=*(*%$"*76/*%45$%/0"%

X%9(5658(.#6%1#$:"$*%/0#/%*(82(4(.#2/6=%"<-6#(2"3%153"6"3%AB%.0#28"%KR!&Q.5$$"./"3L%#/%#2=%/(1"%

)(235)%(2%/0"%72('#$(#/"%#2#6=*"*;%!51(2#2."%#2#6=*"*%.#2%P7#2/(4=%/0"%.52/$(97/(52%/5%/0"%5'"$#66%

&\% (2% #% 176/('#$(#/"% 6(2"#$% $"8$"**(52;%B0"$"45$"+% #*% /0"% $"'(")"$%1"2/(52"3+% /0"% .7$'"*% 3(44"$%

9"/)""2%/0"%/)5%#2#6=*"*%#*%/0"%4($*/%52"%655:*%#/%#66%-$"3(./5$*%(23"-"23"2/6=%#23%/0"%*".523%52"%

655:*%#/%/0"%'#$(#2."%"<-6#(2"3%9=%#%*79*"/%54%/0"*"%-$"3(./5$*+%)0(6"%#..572/(28%45$%*0#$"3%'#$(#2."%

9"/)""2%-$"3(./5$*;%>2%#33(/(52%/5%#%9$("4%3"*.$(-/(52%(2%/0"%&"*76/*%*"./(52%KG"./(52%\;g+%_V*(28%
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351(2#2."%#2#6=*"*%/5%P7#2/(4=%/0"%(23('(37#6%.52/$(97/(52%54%"#.0%72('#$(#/"6=%R!&Q*(82(4(.#2/%

2"7$59(5658(.#6%1#$:"$%(2%#%176/('#$(#/"%*"//(28%opq`L%#23%/0"%3"/#(6"3%"<-6#2#/(52%(2%/0"%J"/053*%

K*"./(52% e;g;iL+% )"% 25)% #33"3% #33(/(52#6% 6#9"6*% /5%R(87$"% i% #23% e% K6"4/% *(3"L% /5% 0(806(80/% "#.0%

#2#6=*(*%1"/0535658=;%

H(2"% \S+% M#8"% \;% >2/$537./(52;% B0"% #7/05$*% 3"*.$(9"% /0#/% d2"7$53"'"65-1"2/#6% 3(*5$3"$*% #$"%

#**5.(#/"3% )(/0% 95/0% 3"'(#/(52*% (2% 9$#(2% */$7./7$"% #23% 3=*472./(52% 54% *"'"$#6% 2"7$5/$#2*1(//"$%

*=*/"1*+% 97/% *744"$% 4$51% #% 6#.:% 54% $"-$537.(96"% 9(51#$:"$*% #23% 6(//6"% .6(2(.#6% /$#2*6#/(52% 54%

2"7$5(1#8(28%$"*"#$.0;d;%J#2=%-$"'(57*%*/73("*%0#'"%$"-5$/"3%/0#/%2"7$53"'"65-1"2/#6%3(*5$3"$*%

*7.0%#*%#7/(*1%#23%3"-$"**(52%#$"%#**5.(#/"3%)(/0%3"'(#/(52*%25/%526=%(2%9$#(2%*/$7./7$"%97/%#6*5%(2%

472./(52#6% .522"./('(/=;% J5$"5'"$+% /0"% $"-$537.(9(6(/=% 54% $"*76/*% 0#*% 9""2% )"66% */73("3% 7*(28%

176/(*(/"%2"7$5(1#8(28%3#/#;%B0"%#7/05$*%2""3%/5%$"-0$#*"%/0"($%.6#(1*;%>2%#33(/(52+%/0(*%-#$#8$#-0%

3"*.$(9"*%/0"%(1-5$/#2."%54%2"7$5/$#2*1(//"$*%#23%/0"%25$1#/('"%153"6%(2%723"$*/#23(28%3(*"#*"%

5$%#/=-(.#6%3"'"65-1"2/;%W5)"'"$+%/0(*%(*%25/%$"-5$/"3%(2%/0"%$"*76/*%*"./(52+%)0(.0%(*%.5247*(28;%

,"%#-5658(a"%45$%/0(*%1(*6"#3(28%*/#/"1"2/;%,0"2%$"4"$$(28%/5%/0"%6#.:%54%$"-$537.(9(6(/=%

54% 9(51#$:"$*+% )"% )"$"% $"4"$$(28% /5% /0"% 6#.:% 54% #./7#66=% .6(2(.#66=% 1"#2(28476@#--6(.#96"%

9(51#$:"$*% /0#/% #$"% 7*#96"% 45$% (23('(37#6% 3(#825*(*% 5$% 152(/5$(28;% B0"% $"'(")"$% (*% #9*567/"6=%

.5$$"./% /0#/% /0"$"% #$"% */$7./7$#6% #23% 472./(52#6% 2"7$5(1#8(28% 9(51#$:"$*% 45$% '#$(57*%

2"7$53"'"65-1"2/#6%3(*5$3"$*%/0#/%)"$"%.52*(*/"2/6=%$"-6(.#/"3%52%#%8$57-%6"'"6%#.$5**%3(44"$"2/%

*/73("*%#23%.505$/*;%W5)"'"$+%/5%57$%:25)6"38"+%#66%54%/0"%$"*-"./('"%*/73("*%3"152*/$#/"3%$#/0"$%

)"#:%/5%153"$#/"%"44"./%*(a"*%/0#/%7-%/5%25)%3(3%25/%#665)%45$%/$#2*6#/(52%54%/0"%$"*-"./('"%1"#*7$"*%

(2/5%/0"%.6(2(.#6%$57/(2";%!7"%/5%$"15'#6%54%*"'"$#6%$"4"$"2."*%/5%3(*"#*"*%#23%#/=-(.#6%3"'"65-1"2/%

/5%#'5(3%1(*6"#3(28%/0"%$"#3"$%$"8#$3(28%/0"%*.5-"%54%/0(*%*/73=+%/0"%*/#/"1"2/%/5%)0(.0%/0"%$"'(")"$%

$"4"$*%)#*%3$5--"3%4$51%/0"%1#27*.$(-/;%%

H(2"%g+%M#8"%i;%>2/$537./(52;%B0"%#7/05$*%3"*.$(9"3%/0#/%d176/(153#6%2"7$5(1#8(28Q9#*"3%*-#/(#6%

#**5.(#/(52%#--$5#.0"*%.#2%-$5'(3"%#%)(235)%(2/5%*-".(4(.%9(5658(.#6%1".0#2(*1*+%97/%72/(6%25)%

)"$"% 6(1(/"3% /5% -5*/15$/"1% 3#/#% #23% /0"% ."6676#$% 6"'"6;% d% >2% 4#./+% /0"$"% #$"% 1#2=% 176/(153#6%

2"7$5(1#8(28% */73("*% *05)(28% *-#/(#6% #**5.(#/(52*% 9"/)""2% 9$#(2% *(82#/7$"*% *7.0% #*% 9$#(2%

.522"./('(/=%#23%1"/#956(*1%KMJ>!?%\iiSXUeeC%MJ>!?%iieeiSUZC%MJ>!?%iZYeSXigL;%

,"%#8$""%)(/0%/0"%$"'(")"$%#23%#-5658(a"%45$%/0(*%(1-$".(*"%*/#/"1"2/;%>2%4#./+%/0"%*"2/"2."%

)#*% 3($"./"3% #/% 3"'"65-1"2/#6% */73("*% #23% )#*% .5$$"./"3% /5?% _J76/(153#6% 2"7$5(1#8(28Q9#*"3%
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*-#/(#6%.565.#6(a#/(52%#--$5#.0"*%.#2%-$5'(3"%#%)(235)%(2/5%*-".(4(.%9(5658(.#6%1".0#2(*1*+%97/%

c%/5%57$%:25)6"38"%c%3"'"65-1"2/#6%*/73("*%72/(6%25)%)"$"%6(1(/"3%/5%postmortem%3#/#;`;%

H(2"%iZ+%M#8"%i;%\S%2"7$59(5658(.#6%1#-*%*05763%9"%-$"*"2/"3%(2%/0"%1#(2%/"</+%8('"2%/0"($%

(1-5$/#2."%45$%/0"%#**5.(#/(52%#2#6=*(*;%&"*76/*?%b(]%)#*%25/%1"2/(52"3;%

,"%/0#2:%/0"%$"'(")"$%45$%/0"%*788"*/(52%/5%*05)%-65/*%54%"#.0%2"7$59(5658(.#6%1#$:"$%(2%

4766%(2%/0"%1#(2%/"</;%,"%)5763%6(:"%/5%0(806(80/%/0#/%/0(*%)#*%#6$"#3=%352"%(2%#%6(1(/"3%45$1#/%(2%

/0"% 5$(8(2#6%1#27*.$(-/+% 2#1"6=% 52% /0"% $(80/% *(3"% 54% K25)L% R(87$"% e;% E*% 1"2/(52"3% (2% #25/0"$%

.511"2/%#95'"+%)"%25)%(2.673"%*7$4#."%-$5F"./(52*%54%/0"%2"7$59(5658(.#6%1#$:"$*%(2%/0"%.$5**Q

*"./(52#6%.565.#6(a#/(52%-65/*%KR(8;%\L%/5%-$5'(3"%#2%5'"$'(")%/5%/0"%$"#3"$*;%E33(/(52#66=+%)"%:""-%

/0"%4766%-65/%54%/0"%5$(8(2#6%KR(8;%GSL%#23%3(1"2*(52#6(/=Q$"37."3%KR(8;%GeL%2"7$59(5658(.#6%1#$:"$*%

(2%/0"%*7--6"1"2/*;%&"8#$3(28%/0"%$"*76/*%$"-5$/(28+%8('"2%/0"%176/(/73"%54%.#23(3#/"%1#$:"$%*/73("*%

#23%45$1#//(28%$"P7($"1"2/*+%/5%4#.(6(/#/"%$"#3#9(6(/=+%)"%6(1(/"3%*-".(4(.%1"2/(52(28%(2%/0"%$"*76/*%

/5%526=%/05*"%/0#/%*(82(4(.#2/6=%"<-6#(2"3%K153"6"3L%AB%3"'"65-1"2/;%b(]+%#6528%)(/0%*51"%5/0"$%

1#$:"$*+%3(3%25/%-#**%/0(*%.$(/"$(52;%

H(2"%S]+%M#8"%U;%B0"%#7/05$*%*05)"3%/0#/%156".76#$Q%5$%."6676#$Q6"'"6%1#$:"$*%"<-6#(2"3%7-%/5%ger%

54%/0"%*-#/(#6%'#$(#2.";%W5)%#957/%/0"%.519(2"3%156".76#$%#23%."6676#$Q6"'"6%1#$:"$*m%W5)%#957/%

/0"%*"<%3(44"$"2."*m%

E66%\S%2"7$59(5658(.#6%1#$:"$*%.519(2"3%"<-6#(2"3%7-%/5%UYr%54%153"6"3%AB%.0#28"*+%

-"#:(28%37$(28%/0"%#356"*."2."Q/5Q#376/0553%/$#2*(/(52%KR(8%GXL;%B0"*"%(245$1#/(52%#23%#2#6=*(*%

)"$"%(23""3%#6$"#3=%(2.673"3%(2%/0"%5$(8(2#6%1#27*.$(-/+%#4/"$%/0"%72('#$(#/"%$"*76/*;%,"%#8$""%/0#/%

/0(*%1(80/%25/%0#'"%9""2%/0"%658(.#6%5$3"$%54%$"*76/*%$"-5$/(28%#23%25)%15'"3%(/%/5%3($"./6=%#4/"$%

/0"%."6676#$@156".76#$%1#$:"$%*"/Q)(*"%$"*76/*%K_ger`+%#*%/0"%$"'(")"$%$"4"$*%/5%#95'"L+%97/%9"45$"%

/0"%72('#$(#/"%$"*76/*;%

H(2"%]+%M#8"%];%>2%/0"%1#(2%/"</+%/0"%3"*.$(-/(52%54%R(8;%iE%*/#/"*+%d,"%45723%/0#/%/0"%2(2"%R!&Q

*(82(4(.#2/%156".76#$%#23%."6676#$%1#$:"$*%F5(2/6=%"<-6#(2"3%g]r%54%AB%.0#28"%-#//"$2*%4$51%g%/5%

iZ% ="#$*;d% W5)"'"$+% R(8;% iE% (*% 6#9"6"3% #*% d2"7$59(5658=% 1#$:"$*% *(82(4(.#2/% (2% 72('#$(#/"%

#2#6=*"*;d%B0(*% $#(*"*% /0"%P7"*/(52%54%)0"/0"$% /0"% #2#6=*(*% (*%176/('#$(#/"%5$% 72('#$(#/";%M6"#*"%

.6#$(4=;%

,"%#-5658(a"%45$%/0(*%(1-$".(*"%6#9"6(28%54%/0"%4(87$"*;%,"%#3F7*/"3%/0"%0"#3(28%54%R(8;%eE%

K-$(5$%R(8;%iEL%/5%_G"6"./"3%2"7$59(5658(.#6%1#$:"$*`+%#*% /0"%351(2#2."%#2#6=*"*%$"-5$/"3%0"$"%
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)"$"%-"$45$1"3%52%526=%/05*"%1#$:"$*%/0#/%/7$2"3%57/%R!&Q.5$$"./"3%*(82(4(.#2/%(2%/0"%72('#$(#/"%
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K#23%/0"%472./(52#6%6"'"6mL%#23%#$"%9#*"3%52%27.6"#$%(1#8(28;%>*%/0"$"%#%15$"%*/$7./7$"3%)#=%/5%

-$"*"2/%/0"*"%/5-(.*m%J5$"5'"$+%>%#1%)523"$(28%(4%_."66%/=-"`@_."66%3"2*(/=`@_."66%-5-76#/(52`+%#23%

_-$5."**`@_472./(52`%(*%#6*5%7*"3%(2/"$.0#28"#96=%#/%/(1"*+%97/%>%1(80/%9"%)$528%0"$"+%*5%8$"#/%(4%

/0"%#7/05$*%.5763%0#'"%#%655:+%97/%/0"=%:25)%9"*/;%

,"% #--$".(#/"% /0"% $"'(")"$D*% /05780/*% 52% /0(*% (**7";% >2% 57$% 8"2"$#6% $"'(*(52% 54% /0"%

>2/$537./(52+%)"%25)%(2/$537."%#23%7*"%/0"%/"$1*%_156".76#$`%#23%_."6676#$`%15$"%.#$"4766=?%B0"%

>2/$537./(52% 25)% 6"#3*% )(/0% /0"% ."6676#$Q6"'"6% 1".0#2(*1*% /0#/% 1(80/% 6"#3% /5% 1#.$5*.#6"% AB%

.0#28"*% K";8;+% 2"7$52#6@86(#6% $"5$8#2(a#/(52% (2.6;% $"153"6(28% 54% 3"23$(/(.% #$95$+% -"$(.5$/(.#6%
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1="6(2#/(52L;%,"%/0"2%(2/$537."%-5/"2/(#6%-#/0)#=*%/0$5780%)0(.0%#6/"$#/(52*%(2%2"7$5/$#2*1(//"$%

*=*/"1*%.5763%(2467"2."%/0"%."6676#$Q6"'"6%3"/"$1(2#2/*%54%AB%#*%45$%"<#1-6"%/0$5780%"44"./*%54%

-$5F"./(52*% 4$51% 3""-"$% 9$#(2% */$7./7$"*% 5$% $"876#/5$=% $56"*% 54% 35-#1(2"% $"."-/5$*% K*".523%

>2/$537./(52%-#$#8$#-0+%-;%SL;%k""-(28%/0(*%0("$#$.0(.#6%-"$*-"./('"+%)"%3(*/(287(*0%/0"%_."6676#$`%

4$51% /0"% _156".76#$`% 6"'"6+% )(/0% _156".76#$`% 9"(28% 7*"3% #*% #2% 719$"66#% /"$1% 45$% -$5."**"*%

5$8#2(a"3%52%#% 65)"$%5$8#2(a#/(52#6% 6"'"6% K#.$5**+% ";8;+% ."66%-5-76#/(52*L% /0#/%#$"%#.."**(96"%'(#%

27.6"#$%(1#8(28;%,"%6#/"$% (2/$537."%_."6676#$%1#$:"$*`%#23%_156".76#$%1#$:"$*`%*-".(4(.#66=%#*%

/0"% /"$1*% 3"*.$(9(28% /0"% /)5% *"/*% 54%2"7$59(5658(.#6% 9$#(2%1#-*% 7*"3% (2%57$% #2#6=*"*+% /0"% 4($*/%

K_."6676#$`L% $"4"$$(28% /5%8"2"Q"<-$"**(52%1#-*%54%."66%-5-76#/(52*%#23%/0"%*".523%K_156".76#$`L%

3"*.$(9(28%27.6"#$% (1#8(28Q1"#*7$"3%"2/(/("*% /0#/% #$"% 6(:"6=%3(*/$(97/"3%#.$5**%."66%-5-76#/(52*+%

*7.0%#*%2"7$5/$#2*1(//"$% $"."-/5$*%5$%1"/#956(*1;%,"%$".:52% /0#/%)(/0% /0(*% /$"#/1"2/%)"%1#:"%

.6"#$%/0#/%_."6676#$@156".76#$%1#$:"$`%(*%"<-6(.(/6=%7*"3%#*%#2%719$"66#%/"$1;%&"6#/"36=+%)"%3$5--"3%

/0"%/"$1%_176/(6"'"6`%4$51%/0"%1#27*.$(-/%#*%(/+%(23""3+%3(3%25/%#33%8$"#/6=%/5%$"-5$/(28;%B0"%1#-*%

7*"3% #*% _-$"3(./5$*`% 54% AB% .0#28"*% #$"% 25)% 526=% $"4"$$"3% /5% #*% _2"7$59(5658(.#6%

K."6676#$@156".76#$L%1#$:"$*`%/0$578057/%/0"%1#27*.$(-/;%

g;%>2/$537./(52?%,0#/%#$"%/0"%-$#./(.#6%59*/#.6"*%1"#2/%0"$"m%_O7$%.7$$"2/%:25)6"38"%52%9(5658(.#6%

4#./5$*%/0#/%87(3"%/=-(.#6%071#2%.5$/"<%3"'"65-1"2/%(*%*"'"$"6=%6(1(/"3%9=%-$#./(.#6%59*/#.6"*s%

,"%)5763% 6(:"% /5% $"4"$% /0"% $"'(")"$% /5% 57$% .51152% 4($*/% *"./(52% 54% /0"% $"*-52*"% 6"//"$%

K*79*"./(52%_B0"%#$871"2/%45$%*-#/(#6%.5$$"6#/(52%#2#6=*"*`L%52%/0(*%(**7";%>2%/0"%1#27*.$(-/+%)"%

3".(3"3%/5%*-".(4(.#66=%$"4"$% /5%/0"%.5$"%6(1(/#/(52*%/5%/0"%*/73=%54%9(5658(.#6%4#./5$*%723"$6=(28%

071#2%9$#(2%3"'"65-1"2/?%_V245$/72#/"6=+%#*%/53#=D*%2"7$5(1#8(28%/556*%35%25/%*744(."%/5%*/73=%

071#2%cellular% 2"7$59(5658=% (2%3"/#(6+%)"%0#'"% /5% $"6=%52% *.#$."%071#2%postmortem% #23%252Q

071#2%#2(1#6%3#/#;%A52'"$*"6=+%)0(6"%*/$7./7$"*%#23%-$5."**"*%52%/0"%molecular%6"'"6%#$"%-#$/6=%

#.."**(96"%(2%071#2*%)(/0%27.6"#$%(1#8(28+%0"$"+%/0"%"<-5*7$"%/5%$#3(5#./('(/=%-$#./(.#66=%45$9(3*%

#--6(.#/(52% (2% /=-(.#6% 3"'"65-(28% .0(63$"2% #23% #356"*."2/*+% 6(1(/(28% (/*% 7*"% /5% */73=%

2"7$53"'"65-1"2/;`;%

U;% >2/$537./(52?% B0"% 15/('#/(52% #23% 85#6% 54% /0"% */73=% #--"#$*% *51")0#/% 8"2"$(.% #23%

*.#//"$"3%)(/0(2%-#$/*%54% /0"%(2/$537./(52;%B0"$"%#$"%$"4"$"2."*% /5%9(51#$:"$*%#23%*51"%8"2"$#6%

*/#/"1"2/*%54%-*=.05-#/05658=%_;;%*744"$%4$51%#%6#.:%54%$"-$537.(96"%9(51#$:"$*%#23%6(//6"%.6(2(.#6%

/$#2*6#/(52% 54% 2"7$5(1#8(28s% #23% _/0(*% :25)6"38"% (*% 2"."**#$=% /5% 723"$*/#23% #/=-(.#6%

2"7$53"'"65-1"2/%#23%3"'"65-%/#$8"/"3%9(51#$:"$*%#23%/$"#/1"2/*s;%>*%/0"%15/('#/(52%#23%85#6%
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9#*"3%(2%-"$*52#6(a"3%1"2/#6%0"#6/0%1"3(.(2"+%#23%/0#/%J&>%9#*"3%.5$/(.#6%/0(.:2"**%(2%/0"%47/7$"%

.#2%9"%7*"3%#*%#%3(#825*/(.%/556%#/%/0"%(23('(37#6%6"'"6%#*%)"66%#*%45$%-"$*52#6(a"3%1"2/#6%0"#6/0%

/$"#/1"2/m%B0(*%(*%54%.57$*"%7-%/5%3"%#7/05$*+%97/%(/%.5763%9"%#2%(3"#%/5%/52"%35)2%*7.0%*/#/"1"2/*%

#23% -"$0#-*% 45.7*% 15$"% 52% /0"% 0(806=% '#6(3% 15/('#/(52% 4$51% /0"% #9*/$#./% K#23% "23% 54% (2/$5mL?%

_>2/"8$#/(28% 176/(6"'"6% 9$#(2% #/6#*"*% )(/0% 25$1#/('"% 153"6(28% #23% -5-76#/(52% 2"7$5(1#8(28%

-$5'(3"*%#%9(5658(.#66=%1"#2(28476%-#/0%/5%723"$*/#23%/=-(.#6%#23%#/=-(.#6%9$#(2%3"'"65-1"2/%(2%

6('(28%071#2*;s%

,"%/0#2:%/0"%$"'(")"$%45$%/0(*%.511"2/%#23%(23""3%#8$""%)(/0%/0"1%(2%/0#/%/0"%45.7*%54%

57$% .7$$"2/% 1#27*.$(-/% 6#=*% 52% 723"$*/#23(28% 9$#(2% 3"'"65-1"2/% $#/0"$% /0#2% 52% 9(51#$:"$%

3"'"65-1"2/%K)0(.0%(*%#%/5-(.%)"%#$"%(2/"$"*/"3%(2+%97/%)"%$".:52"3%/0#/%/0(*%)5763%85%/5%4#$%45$%

/0"%.7$$"2/+%#6$"#3=%3"2*"+%)5$:L;%B0"$"45$"+%)"%*/$"#16(2"3%/0"%>2/$537./(52%#23%!(*.7**(52%(2%

/0(*%$"8#$3%(2%/0#/%)"%$"15'"3%/0"%$"1#$:*%52%-*=.05-#/05658=+%:""-(28%526=%/0"%4(2#6%57/655:*%

52%/0"%#--$5#.0D*%-5/"2/(#6%45$%(23('(37#6%9(51#$:"$%3"'"65-1"2/+%)0(.0%.5763%9"%#33$"**"3%(2%

45665)Q7-%*/73("*;%

Y;% &"*76/*% \;S;% >/% (*% */#/"3% /0#/% _)"% $"-5$/% 52% 05)% /0"*"% 176/(6"'"6% 2"7$59(5658(.#6% 1#$:"$*%

.565.#6(a"% #23% "<-6#(2% AB% .0#28"% -#//"$2*% 9"/)""2% g% #23% XZ% ="#$*% 54% #8"s;% G(1(6#$6=+% /5% 1=%

-$"'(57*%.511"2/+%(*%/0"$"%25/%#2%(**7"%)(/0%#--6=(28%#/6#*"*%9#*"3%52%#376/%9(5658=%52%.0(63%#23%

#356"*."2/%15$-05658=m%%

,"% /0#2:% /0"% $"'(")"$% 45$% /0(*% .511"2/% #23%)5763% 6(:"% /5% $"4"$% /0"1% /5% 57$% /05$5780%

3(*.7**(52%54%/0(*%(**7"%#/%/0"%9"8(22(28%54%/0(*%$"*-52*"%6"//"$;%

];%&"*76/*%\;S%>%*/$7886"3%/5%4(23%)0#/%/0"%Se]Q$"8(52%3('(*(52%)#*%9#*"3%52;%>%4($*/%*"#$.0"3%0"$"%

_KABC%R(8;%STC%B"</%GS;\C%#8"%3(*/$(97/(52?%R(8;%GgC%AB%/$#F"./5$("*?%R(8;%GUE%#23%E2(1#/(52%GSL`+%

97/%(2%/0"%"23%45723%#%$"4"$"2."%/5%!"*/$("7<%)(/0(2%/0"%G>%R(87$"%S%6"8"23+%#23%#6*5%6#/"$%52%-#8"%

S]%723"$%J"/053*%97/%25/%*/#/"3%.6"#$6=;%,0=%$"37."%.5$/(.#6%/0(.:2"**%3#/#%9#*"3%52%/0"%!"*/$("7<%

#/6#*m% B0(*% #/6#*% (*% 25/% 9#*"3% 52% #2=% 54% /0"% 1#(2% .#23(3#/"% 1".0#2(*1*% 723"$6=(28% .5$/(.#6%

/0(.:2"**%97/%(2*/"#3%52%6#$8"$%4563(28%-#//"$2*%#23%*51"%#2#/51(.#6%6#231#$:*;%E*%/0"%658(.%54%

/0"%*/73=%(*%/5%7*"%*5-0(*/(.#/"3%.5$/(.#6%3('(*(52*+%/0(*%(*%25/%.6"#$%/5%1";%E%'"$/"<Q)(*"%#--$5#.0%

)5763%-$"*"$'"%8$#276#$(/=+%97/%/0"2%52"%.5763%25/%7*"%/0"%5-"2%#.."**%.5$/(.#6%/0(.:2"**%25$1#/('"%

153"6*%)0(.0%>%9"6("'"%#$"%526=%#'#(6#96"%45$%!"*/$("7<%#23%!"*(:#2;%>%)5763%*/#/"%#23%3(*.7**%/0(*%

$"37./(52%.05(."%.6"#$6=%)(/0(2%/0"%/"</;%
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M6"#*"%$"4"$%/5%/0"%$"*-52*"%/5%/0"%P7"*/(52%9"65)%(2%)0(.0%)"%#2*)"$%/0"%/)5%.511"2/*%

52%-#$."66#/(52%.05(."%F5(2/6=;%

X;%&"*76/*%\;S%G(1(6#$6=+%#66%/0"%."6676#$%#23%156".76#$%#/6#*"*%)"$"%4($*/%$"37."3%/5%4#./5$*%#23%/0"2%

1#--"3% /5% !"*/$("7<% (4% >% 723"$*/#23% .5$$"./6=;% >% 35% 25/% :25)% /0"% (2(/(#6% 8$#276#$(/=% 5$% *-#/(#6%

3(*/$(97/(52% 54% /0"% 176/(6"'"6% #/6#*"*+% 97/% .5763% $"37.(28% /0"1% /5% Ye% _4563(28% 9#*"3`% &O>*% -$%

0"1(*-0"$"%9"%-$596"1#/(.m%f$"#/%)(/0%*51"%.6#$(4(.#/(52%0"$";%E6*5+%.5763%/0(*%1"#2%/0#/%=57$%

4(23(28*%#$"%526=%$"6"'#2/%45$%*/73("*%/0#/%7*"%/0"%!"*/$("7<%3('(*(52m%>%9"6("'"%95/0+%&O>Q9#*"3%

!"*(:#2Q%5$%"'"2%'"$/"<Q)(*"%#--$5#.0"*%#$"%15$"%.51152%/0#2%7*(28%!"*/$("7<;%%

,"%#8$""%)(/0%/0"%$"'(")"$%52%/0"%0(80%$"6"'#2."%54%/0"%-#$."66#/(52%.05(.";%>23""3+%/0"%

_*-#."`%/0#/%*-#/(#6%.565.#6(a#/(52*%#$"%-"$45$1"3%(2%(*%#%/5-(.%)"%#$"%'"$=%(2/"$"*/"3%(2+%9"=523%

/0"%.7$$"2/%)5$:;%E*%/0"%$"'(")"$%.5$$"./6=%-5(2/*%57/+% /0"%.7$$"2/%#2#6=*"*%#$"%#66%9#*"3%52%/0"%

_!"*/$("7<`%-#$."66#/(52%)(/0%Ye%-#$."6*%-"$%0"1(*-0"$"+%)0(.0%)#*%*"/%9=%/0"%25$1#/('"%153"6;%

,"%)5763%6(:"%/5%25/"%/0#/%2"#$6=%#66%-$(5$%3"'"65-1"2/#6%*-#/(#6%.565.#6(a#/(52%*/73("*%7*"3%/0"%

_!"*(:#2Qk(66(#2=`%-#$."66#/(52%)(/0%526=%ie%-#$."6*%-"$%0"1(*-0"$"+%)0(.0%)"%"<-6(.(/6=%#'5(3"3;%

T#*"3%52%57$%"<-"$("2."+%#%-#$."6%2719"$%54%#957/%SZZc\ZZ%(*%*744(.("2/%45$%*-#/(#6%.565.#6(a#/(52%

#2#6=*"*%c%)"%#$"+%05)"'"$+%25/%#)#$"%54%#2=%*=*/"1#/(.%(2'"*/(8#/(52%54%/0(*%(**7";%,"%#8$""%)(/0%

/0"% $"'(")"$% /0#/+% 45$% "<#1-6"+% #%0(*/5#$.0(/"./52(.#66=%3"4(2"3%-#$."66#/(52%)5763%0#'"%9""2% #%

15$"%$"#*52#96"%.05(."%K#6/05780%c%/5%57$%:25)6"38"%c%/5%/0(*%3#=+%#%4766Q.5$/"<%0(80Q$"*567/(52%

0(*/5#$.0(/"./52(.#6%-#$."66#/(52%35"*%25/%"<(*/L;%,"%3(3%25/%$72%57$%#2#6=*"*%52%#%'"$/"<%6"'"6%#*%

/0(*%)5763%0#'"%5'"$"*/(1#/"3%/0"%*-#/(#6%$"*567/(52%54%/0"%MNB%3#/#%#23+%17.0%15$"%*5+%54%/0"%

8"2"%"<-$"**(52%3#/#+%0"$"%"'"2%$"P7($(28%#./('"6=%(2/"$-56#/(28%3#/#;%B5%57$%:25)6"38"+%(23""3+%

15*/%*-#/(#6%.565.#6(a#/(52%*/73("*%35%25/%)5$:%52%/0"%'"$/"<%6"'"6+%"*-".(#66=%25/%)0"2%)5$:(28%

)(/0% E66"2% T$#(2% E/6#*% 8"2"% "<-$"**(52% 3#/#;% H#*/6=+% /0"% 4#./5$% #2#6=*"*% )"$"% .51-7/"3% #4/"$%

-#$."66#/(52+% 52% /0"% -#$."6% '#67"*+% #.$5**% /0"% 2"7$59(5658(.#6% 1#-*;% ,"% (2.5$-5$#/"3% /0(*%

(245$1#/(52%15$"%"<-6(.(/6=%(2%/0"%1#27*.$(-/%9=%2#1(28%/0"%!"*/$("7<%-#$."66#/(52%(2%/0"%&"*76/*%

K*"./(52*%\;S%#23%\;\+%-;%iceL%#23%0(806(80/(28%(2%/0"%!(*.7**(52%/0"%2""3%/5%47$/0"$%"<-65$"%/0"%

$"6"'#2."%54%/0"%-#$."66#/(52%.05(."%(2%47/7$"%*/73("*%K*".523%-#$#8$#-0+%-;%SS+%_f"2"$#66=+%#6/05780%

.565.#6(a#/(52%-#//"$2*%)"$"%*(1(6#$%)0"2%"'#67#/"3%7*(28%#%.5#$*"$%#2#/51(.#6%.5$/"<%-#$."66#/(52+%

)"%$".511"23%47/7$"%*/73("*%/5%"<-65$"%4(2"$%3('(*(52*%9#*"3%52%.5$/(.#6%.=/5#$.0(/"./7$"+%)0(.0%

.5763%-5/"2/(#66=%$"'"#6%15$"%3"/#(6"3%#**5.(#/(52*;`L;%
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B5%#..572/%45$%/0"%$"'(")"$D*%.52."$2*%#957/%)0"/0"$%57$%$"*76/*%#--6=%/5%/0"%15$"Q54/"2%

7*"3% !"*(:#2Qk(66(#2=% -#$."66#/(52+% )"% #33"3% #% *7--6"1"2/#$=% #2#6=*(*% K3"*.$(9"3% (2% 3"/#(6% (2%

G7--6;%B"</%S;i;\L+%(2%)0(.0%)"%4($*/%1#-%95/0%/0"%153"6"3%AB%#23%/0"%2"7$59(5658(.#6%1#$:"$%

3#/#%4$51%!"*/$("7<%/5%!"*(:#2%-#$."6*%9=%-$5F"./(28%/0"%3#/#%/5%/0"%4*#'"$#8"%*7$4#."%#23%/0"2%$"Q

-#$."66#/(28%/0"1;%,"%/0"2%$"$#2%/0"%4($*/%*"/%54%$"8$"**(52%#2#6=*"*;%,"%.52*(3"$%/0(*%#%*"2*(96"%

#--$5#.0%(2%#%*"2*(/('(/=%#2#6=*(*%*"//(28%#*%/0"%!"*(:#2Qk(66(#2=%-#$."66#/(52%0#*%#%.52*(3"$#96=%

65)"$%2719"$%54%-#$."6*+% 6(:"6=% 6"#3(28% /5%#%.#*"%)0"$"%176/(-6"%!"*/$("7<%-#$."6*%)(66% F7*/%9"%

#'"$#8"3%(2/5%52"%!"*(:#2Qk(66(#2=%-#$."6;%R(8;%GSSE%#23%T%*05)%/0"%!"*(:#2Qk(66(#2=Q1#--"3%

3#/#+%)0(.0% .6"#$6=%1($$5$*% /0"%-#//"$2*%54% /0"%!"*/$("7<%3#/#;%&"*76/*% KR(8%GSSA%#23%!L% *05)%

-#//"$2*%.65*"%/5%/0"%1#(2%$"*76/*%97/%)(/0%.52*(3"$#96=%0(80"$%"<-6#(2"3%'#$(#2."+%25/#96"%45$%95/0%

/0"% 59*"$'"3% 3#/#% K.565$"3% 6(2"*L% #23% /0"% 2766% 3#/#% K8$#=% *0#3"*L;% B0(*% -5(2/*% /5%

5'"$-#$#1"/"$(a#/(52% 54% /0"% $"8$"**(52% 153"6*% 37"% /5% /0"% 65)% 2719"$% 54% _59*"$'#/(52*`% K(;";+%

-#$."6*L;% E*% 25/"3% #95'"+% )"% .52*(3"$% /0(*% #2% (1-5$/#2/% /5-(.% /5% 9"% "'#67#/"3% (2% 47/7$"%

1"/0535658(.#6%*/73("*;%

SZ;%\;S;%J#--(28%2"7$59(5658(.#6%1#$:"$*%/5%.5$/(.#6%3"'"65-1"2/?%>*%/0"%.5$/(.#6%1(.$5*/$7./7$"%

#/6#*%(2.5$$"./6=%$"4"$"2."3m%2$%\X%KW#2*"2+%I;%t;%"/%#6;%J#--(28%2"7$5/$#2*1(//"$%*=*/"1*%/5%/0"%

*/$7./7$#6%#23%472./(52#6%5$8#2(a#/(52%54%/0"%071#2%2"5.5$/"<%L%>*%/0(*%25/%/0"%176/(153#6%f6#**"$%

#/6#*m%>4%*5+%>%#6*5%9"6("'"%/0"%.5$$"./%/"$1*%#$"%_BS)@B\)`%*-".(4=(28%/0#/%/0(*%(*%9#*"3%52%)"(80/"3%

(1#8(28%#23%25/%KBS@B\L%(;";%P7#2/(/#/('"%$"6#<51"/$=;%

,"%/0#2:%/0"%$"'(")"$%45$%/0(*%3"/#(6"3%59*"$'#/(52;%>23""3+%/0(*%$"4"$"2."%)#*%#2%5'"$*(80/%

4$51%/0"%4($*/%3$#4/%54%/0(*%1#27*.$(-/+%)$(//"2%)0"2%526=%W#2*"2%"/%#6;%K\Z\\Ln*%-#-"$%)#*%57/;%>/%(*%

(23""3%/0"%BS)@B\)%#/6#*%4$51%/0"%2"7$51#-*%/55695<+%)0(.0%.(/"*%f6#**"$%"/%#6;%K\ZSUL%#*% /0"%

*57$.";%T5/0%/0"%$"4"$"2."*%#23%/0"%2#1(28%)"$"%.5$$"./"3;%%

SS;%\;S;%J#--(28%2"7$59(5658(.#6%1#$:"$*%/5%.5$/(.#6%3"'"65-1"2/?%E*%/0"%&7/0"$45$3%25$1#/('"%

153"6*%#$"%9#*"3%52%.$5**Q*"./(52#6%3#/#%>%)5763%25/%.#66%/0"*"%/$#F"./5$("*%.5$/(.#6%_3"'"65-1"2/`%

54% "'"2% _.0#28"`+% #*% /0"=% #$"% 9#*"3% 52% .5$/(.#6% 3(44"$"2."*% #/% 3(44"$"2/% #8"*% 5$m% >% )5763% 9"%

.52*(*/"2/% (2% /0"% /"$1(25658=% #23% 526=% 7*"% 3"'"65-1"2/% #23% .0#28"% )0"2% /#6:(28% #957/%

6528(/73(2#6%3#/#%6(:"%ETA!@>1#8"2;%

,"%723"$*/#23%/0"%.52."$2*%54%/0"%$"'(")"$%52%/0(*%(**7";%>/%(*%.5$$"./%/0#/%%/0"%25$1#/('"%

153"6%0#*%9""2%"*/(1#/"3%52%.$5**Q*"./(52#6%3#/#+%)0(.0%)"%25)%"<-6(.(/6=%1"2/(52%(2%/0"%$"*76/*%

*"./(52% K*"./(52%\;\+% _AB%/$#F"./5$("*% 45$%Se]%!"*/$("7<% $"8(52*%)"$"%3"$('"3% 4$51%#%25$1#/('"%
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153"6%54%AB%3"'"65-1"2/3%"*/(1#/"3%4$51%.$5**Q*"./(52#6%3#/#%54%5'"$%g]+ZZZ%*79F"./*%K4$51%0"$"%

52%$"4"$$"3%/5%#*%_153"6"3%AB`%o;;;qL`L;%E*%25/"3%(2%$"*-52*"%/5%#25/0"$%.511"2/%#95'"+%)"%25)%

7*"%/0"%/"$1%_153"6"3%AB%K.0#28"L`%)0"2"'"$%)"%)$(/"%#957/%/0"%3#/#%59/#(2"3%4$51%25$1#/('"%

153"6%-$"3(./(52*;%,0(6"%)"%#8$""%)(/0%/0"%$"'(")"$%/0#/%"*/(1#/(28%6528(/73(2#6%.0#28"*%4$51%

.$5**Q*"./(52#6%3#/#%54/"2%$"*76/*%(2%6"**%-$".(*"%"*/(1#/(52*+%(;";%37"%/5%.505$/%5$%5/0"$%.5245723(28%

"44"./*+% )"% )5763% #$87"% /0#/% (/% (*% F7*/(4("3% /5% /#6:% #957/% _.0#28"`% (2% /0(*% (2*/#2."% #*% )"% #$"%

.#6.76#/(28% /0"% #8"Q$"6#/"3% AB% .0#28"% -$"3(./"3% 9=% #% 153"6% 3"'"65-"3% 45$% 153"6(28% 54%

6(4"*-#2@6528(/73(2#6%_.0#28"*`%(2%.5$/(.#6%3"'"65-1"2/;%

S\;% !(*.7**(52?% >/% )#*% *6(80/6=% 72.6"#$% /5% 1"% )0"/0"$% =57$% 4(23(28*% 1#/.0% /0"% -$"'(57*% 1#(2%

.#23(3#/"%1".0#2(*1*%45$%.5$/(.#6%3"'"65-1"2/;%B5%1=%723"$*/#23(28%$"Q5$8#2(a#/(52%54%3"23$(/(.%

#$957$+%.5$/(.#6%1="6(2(a#/(52+%#23%"'"2%*=2#-/(.%-$72(28%K#6/05780%.52/$5'"$*(#6%#*%J&>%*/73("*%

.#225/% 9"% *56"6=% "<-6#(2"3% 9=% *1#66Q*.#6"% .0#28"*% #/% /0"% *=2#-*"% 6"'"6L% #$"% .#23(3#/"*;% t57$%

3(*.7**(52%(2*/"#3%0(806(80/%1(.$586(#%#23%/07*%(1172"%$"*-52*"*%#23%35-#1(2"%$"."-/5$%#./('(/=%

(*%/0#/%.5$$"./m%,0"2%>%$"#3%/0"%3(*.7**(52+%(/%.7$$"2/6=%#--"#$*%#*%(4%#66%=57$%$"*76/*%4(/%-$"'(57*%

6(/"$#/7$"%)(/0% 25% 3(*.$"-#2.("*% 3(*.7**"3;% E6*5+% .5763% /0"% $"6#/(52% /5% /0"% 35-#1(2"% *=*/"1% 9"%

.52*(3"$"3%.52/$5'"$*(#6%F7*/%(2%$"8#$3%/5%/0"%11%*.#6"%54%J&>m%

,"% /0#2:% /0"% $"'(")"$% 45$% /0(*% (2*(80/476% .511"2/+% #8$""(28% )(/0% /0"($% */#23-5(2/;% >2%

$"*-52*"+%)"%$")$5/"%/0"%4($*/%>2/$537./(52%-#$#8$#-0%/5%"<-6(.(/6=% (2/$537."%#23%2#1"%2"7$52#6%

$"153"6(28%K$"5$8#2(a#/(52%54%3"23$(/(.%#$95$+%*=2#-/(.%-$72(28L%#23%.5$/(.#6%1="6(2#/(52%#*% /0"%%

-$5."**"*% 1#(26=% 3(*.7**"3% #*% 723"$6=(28% 1#.$5*.#6"% AB% .0#28"*;% >2% 6(2"% )(/0% /0(*% #23% 5/0"$%

.511"2/*+%)"%#6*5%"3(/"3%/0"%!(*.7**(52+%25)%-$5'(3(28%#%15$"%9#6#2."3%#665.#/(52%54%57$%4(23(28*%

(2%/0"%6(/"$#/7$"%#23%"*-".(#66=%#6*5%3(*.7**(28%"<(*/"2."%#23%/$"#/1"2/%54%252Q.52'"$8(28%4(23(28*%

K4($*/%#23%*".523%!(*.7**(52%-#$#8$#-0*L;%&"8#$3(28%/0"%6#*/%-5(2/+%)"%)5763%6(:"%/5%#6*5%-5(2/%/5%

52"%54%/0"%-$"."3(28%.511"2/*%52%/0"%0("$#$.0(.#6%(2/$537./(52%54%-5/"2/(#6%1".0#2(*1*%*0#-(28%

.5$/"<%1#.$5*/$7./7$";%B0"%$"'(")"$%(*%$(80/%(2%/0#/%)"%)5763%25/%#**71"%/0#/%#%.0#28"%(2%.5$/"<%

1#.$5*/$7./7$"%)5763%9"%3($"./6=%.#7*"3%9=%2"7$5/$#2*1(//"$%$"."-/5$%3"2*(/=%1"#*7$"3%)(/0%MNB;%

&#/0"$+% 52"% .5763% 0=-5/0"*(a"% #% 1".0#2(*1% 45$% )0(.0% /0"% 35-#1(2"$8(.% $"."-/5$% 3(*/$(97/(52%

*"$'"*%#*%#%-$5<=+%";8;+% #*% $"4"$"2."3% (2% /0"%-#-"$+% #% $"876#/5$=%$56"%54%35-#1(2"@35-#1(2"$8(.%

$"."-/5$*%(2%."6676#$%$"5$8#2(a#/(52+%5$%-5**(96=%#6*5%#%3"'"65-1"2/#6%.0#28"%(2%$")#$3%5$%#//"2/(52%

2"/)5$:*;%W5)"'"$+%)"%"1-0#*(a"%/0#/%*7.0%0=-5/0"*"*%#$"%$"6#/('"6=%4#$Q4"/.0"3+%8('"2%/0"%.7$$"2/%

)5$:+%)0(.0%)"%/0(2:%*05763%$#/0"$%*"$'"%#*%#%*/#$/(28%-5(2/%45$%47$/0"$%(2'"*/(8#/(52%
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Si;%!(*.7**(52?%>/%(*%*/#/"3%/0#/%_E*%-$51(*(28%.#23(3#/"*%45$%.6(2(.#6%/$#2*6#/(52+%)"%(3"2/(4=%/0"%

35-#1(2"$8(.%*=*/"1%#23%1(.$586(#6%."66%-5-76#/(52*%45$%"#$6=%3"'"65-1"2/`;%,5763%52"%25/%0#'"%

/5%#--6=%/0"%25$1#/('"%153"6*%/5%.6(2(.#6%-5-76#/(52*%6(:"%(2%/0"%&7/0"$45$3%-#-"$+%(2%5$3"$%/5%-$59"%

.6(2(.#6% $"6"'#2."m% >/% (*% 72.6"#$% /5%1"%)0=% 252Q/=-(.#6% #8"% /$#F"./5$("*% *05763% $"6#/"% /5%1"2/#6%

0"#6/0%#2=%15$"%/0#2%/5%#2=%5/0"$%'#$(#96"%/0#/%*05)*%*/$528"$%#**5.(#/(52*%/5%(1#8(28%#23%.5$/(.#6%

/0(.:2"**%*-".(4(.#66=;%H(:"%#%-$"'(57*%.511"2/+%>%4(23%/0"%6(2:%/5%.6(2(.#6%7/(6(/=%(2Q.52*(*/"2/+%#23%

(2%1=%5-(2(52%25/%2"."**#$=%45$%/0"%$"6"'#2."%54%/0"%-#-"$;%

,"%#8$""%)(/0%/0"%$"'(")"$%52%/0(*%(**7"+%#23%#*%3"*.$(9"3%(2%/0"%#95'"%.511"2/%/5%)0(.0%

/0"%$"'(")"$%#6*5%$"4"$*+%)"%15*/6=%3$5--"3%/0"*"%.6(2(.#6%.522"./(52*%4$51%/0"%-#-"$;%O26=%(2%/0"%

6#*/%!(*.7**(52%*"./(52*+%)"%-$5'(3"%57/655:*%/5%-5/"2/(#6%.6(2(.#6%45665)Q7-%)5$:;%

Se;%J"/053*?%>/%(*%*/#/"3%/0#/%_f('"2%/0#/%/0"%1#(2%85#6%54%/0"%.7$$"2/%#2#6=*(*%)#*%/5%"*/#96(*0%/0"%

4"#*(9(6(/=% 54% .#-/7$(28% #**5.(#/(52*% 9"/)""2% AB% 3"'"65-1"2/% #23% 176/(6"'"6% 2"7$59(5658(.#6%

1#$:"$*%52%/0"%(23('(37#6%6"'"6+%.6#$(4(.#/(52%54%/0"%*57$."*%54%;;%*(/"Q"44"./*%)(66%9"%#%/#*:%45$%47/7$"%

(2'"*/(8#/(52*;%,0"2%7*(28%176/(Q*(/"%(2(/(#/('"*%6(:"%ETA!%K\S%*(/"*+%\X%*.#22"$*L+%0#$152(a(28%

5$%*51"05)%1(2(1(a(28%/0"%"44"./*%54%*.#22"$%(*%9#*(.%.52'"2/(52;%>/%(*%25/%.6"#$%)0=%/0"%#7/05$*%

4(23% /0(*%#% /#*:%45$% /0"%47/7$"%#*% /0"% 6#$8"%"44"./*%54%*.#22"$% (*%#6$"#3=%)(3"6=%35.71"2/"3%#6*5%

*-".(4(.#66=%)(/0(2%ETA!;%B0"%25$1#/('"%153"6*%7*"3%)(/0(2%/0"%-#-"$%#//"1-/%/5%1(2(1(a"%"44"./*%

54%*.#22"$+%*05763%/0"%*#1"%25/%-"$/#(2%/5%/0"%/#$8"/%6528(/73(2#6%3#/#m%M6"#*"%"<-6#(2%)0=%*.#22"$%

9(#*%(*%25/%$"6"'#2/%45$%=57$%#2#6=*"*%5$%#33%(/%#*%#%6(1(/#/(52;%

>23""3+% 8('"2% /0"% *.5-"% 54% /0"% .7$$"2/% -#-"$+% )"% .0#28"3% 57$% */$#/"8=% /5% 176/(Q*(/"%

0#$152(a#/(52% (2% /0"% ETA!@>JEfNb% 3#/#% *(82(4(.#2/6=?% >2*/"#3% 54% .#6.76#/(28% #66% _59*"$'"3%

*(286"Q*79F"./`%#2#6=*"*%52%/0"%153"6Q#3#-/"3%AB%K.0#28"L%3#/#+%)"%:"-/%/0"%ETA!%#23%>JEfNb%

3#/#%.51-6"/"6=%(23"-"23"2/%4$51%/0"%153"6;%B0(*%#6*5%*"$'"*%#25/0"$%59'(57*%-7$-5*"+%)0(.0%(*%

/5%"<.673"%#2=%-5/"2/(#6%9(#*%/0#/%/0"%153"6Q#3#-/#/(52%-$5."37$"%.5763%0#'"%52%/0"%*(286"Q*79F"./%

3#/#% K(;";+% /5% "<.673"% /0#/% /0"% #3#-/#/(52% (2/$537."3% /0"% _AB%.0#28"%"<-6#(2"3`Q"44"./*% (2/5% /0"%

ETA!@>JEfNb% 3#/#L;% >2% /0"% $"'(*"3% '"$*(52+% #66% #2#6=*"*% 9#*"3% 52% 59*"$'"3% *(286"Q*79F"./%

ETA!@>JEfNb% .5$/(.#6% /0(.:2"**% 7*"% 3#/#% /0#/% )#*% 0#$152(a"3% 7*(28% A51T#/QfEJ% #*% #%

'#6(3#/"3%*/#/"Q54Q/0"Q#$/%1"/053%ob"7$5W#$152(a"% KM51-52(5%"/%#6;+%\Z\ZL+%153"6(28%#8"%#*%#%

252Q6(2"#$%.5'#$(#/"q;%B0"%-$5."37$"%(*%3"*.$(9"3%(2%/0"%J"/053*%Ke;i;iL;%b5/#96=+%0#$152(a#/(52%

)#*%-"$45$1"3%52%/0"%.$5**Q*"./(52#6%3#/#%9"45$"%.#6.76#/(28%.0#28"%1"/$(.*;%>2%#33(/(52%)"%*/(66%

$#2% /0"% 153"6% #3#-/#/(52% -$5."37$"+% 05)"'"$% 526=% /5% -$5'(3"% .51-#$(*52*% 9"/)""2% 153"6Q
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-$"3(./"3%#23%59*"$'"3%_AB%.0#28"%"<-6#(2"3`%"44"./*%K";8;+%R(8*;%GSXcG\eL%#23%/5%'(*7#6(a"%/0"%

*(286"Q*79F"./% '#67"*% /58"/0"$% )(/0% 153"6% -$"3(./(52*% K";8;+% E2(1#/(52% GSL;% B0"% *=*/"1#/(.%

.51-#$(*52% 54% AB% #23% AB% .0#28"% 1"/$(.*% 9"/)""2% *(/"*% *05)"3% /0#/% /0"% A51T#/QfEJ%

0#$152(a#/(52%$"15'"3%*(/"%"44"./*%9"/)""2%/(1"-5(2/Q)(*"%AB%45$%ETA!%97/%526=%$"37."3%*(/"%

"44"./*%45$%>JEfNb%K.51-#$"3%/5%252Q0#$152(a"3%3#/#L;%R5$%AB%.0#28"+%*(/"%"44"./*%)"$"%#6*5%

$"37."3%97/%#--#$"2/%(2%95/0%3#/#*"/*%KB#96"*%Gi%#23%GeL;%E*%(2%/0"%5$(8(2#6%1#27*.$(-/+%/0"%6"'"6%

/5%)0(.0%AB%.0#28"%.5763%9"%"<-6#(2"3%9=%2"7$59(5658(.#6%1#$:"$*%#6*5%3(44"$"3%.6"#$6=%9"/)""2%

*(/"*;%W5)"'"$+%)(/0%A51T#/%0#$152(a#/(52+%"<-6#(2"3%AB%.0#28"%(2%/0"%*(286"Q*79F"./%3#/#*"/*%

(2.$"#*"3%*6(80/6=%K9=%#957/%Sr+%7-3#/"3%$"*76/*%(2%R(8;%UL;%V*(28%/0"%7-3#/"3%*(/"Q0#$152(a#/(52%

1"/053+% )"% #(1"3% /5% 1#:"% *7$"% /0#/% /0"% 59*"$'"3% *(/"Q"44"./*% )"$"% 25/% 37"% /5% -5/"2/(#66=%

(2*744(.("2/%*(/"Q.5$$"./(52%9=%/0"%25$1#/('"%153"6%#3#-/#/(52%-$5."37$";%W5)"'"$+%8"2"$#66=+%)"%

)5763%6(:"%/5%-5(2/%57/%/0#/%)"%.52*(3"$%*(/"%"44"./*%25/%/5%9"%54%0(80%$"6"'#2."%/5%57$%$"*76/*%#*%)"%

$"-5$/%)(/0(2Q*79F"./*%"*/(1#/"*%#23%35%25/+%45$%"<#1-6"+%.51-#$"%3#/#%#.$5**%8$57-*%)(/0%3(44"$"2/%

*(/"%.51-5*(/(52*%K)0"$"%_*(/"`%)5763%9"%#%'"$=%$"6"'#2/%-5/"2/(#6%.5245723lL;%>/%)5763%85%9"=523%

/0"%*.5-"%54%/0"%.7$$"2/%)5$:%/5%3('"%3""-%(2/5%/0"%-5/"2/(#6%*57$."*%54%/0"%59*"$'"3%*(/"%'#$(#/(52+%

)0(.0% 1(80/% 25/% 526=% 9"% 37"% /5% 9"/)""2Q*.#22"$% '#$(#2."% 97/% -5/"2/(#66=% #6*5% 37"% /5% 5/0"$%

9(5658(.#6%5$%3"158$#-0(.%4#./5$*+%6"#3(28%/5%'#$(#2."%(2%.5$/"<%3"'"65-1"2/#6%/$#F"./5$("*%KG7--6;%

B"</%GS;e;iL;%R(2#66=+%/5%#..51153#/"%/0"%$"P7"*/%54%/0"%$"'(")"$+%)"%(2.673"3%47$/0"$%"<-65$#/(52%

54%*(/"%"44"./*%(2%57$%4(2#6%-#$#8$#-0%52%2"."**#$=%47$/0"$%*/"-*%/5%"<-65$"%-5/"2/(#6%.6(2(.#6%'#67"%

54%/0"%_3"'"65-1"2/#6%*-#/(#6%.565.#6(a#/(52`%4$#1")5$:%K457$/0%!(*.7**(52%-#$#8$#-0+%-;%SiL;%

Sg;%J"/053*%>/%(*%*/#/"3%/0#/%*(/"%"44"./*%)"$"%"*/(1#/"3%(2%u0"#6/0=%*79*#1-6"*s%54%95/0%3#/#*"/D*%

9#*"6(2"%3#/#%K2%v%\Z%-"$%*(/"+%gZr%4"1#6"L%05)%)#*%0"#6/0=%3"4(2"3m%%

,"%)5763%6(:"%/5%$"4"$%/5%/0"%#95'"%.511"2/+%25/(28%/0#/+%)(/0%2")%0#$152(a#/(52%*/$#/"8=+%

/0"%1#(2%#2#6=*"*%54%*(286"Q*79F"./%ETA!@>JEfNb%3#/#%#$"%25/%#2=15$"%9#*"3%52%/0"%153"6Q

#3#-/"3%3#/#+%97/%(2*/"#3%*(/"%"44"./*%)"$"%"*/(1#/"3%52%/0"%)056"%3#/#*"/*%#23%_$"15'"3`%4$51%/0"%

)056"%3#/#*"/*%K*"-#$#/"6=%4$51%ETA!%#23%>JEfNbL%7*(28%A51T#/QfEJ;%!7"%/5%)5$3%6(1(/%

.52*/$#(2/*+%)"%25)%-$5'(3"%/0"%$"P7"*/"3%(245$1#/(52%(2%/0"%*7--6"1"2/*%KB"</%GS;e;SL?%_R5$%/0(*%
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10L% #23% SZ% 8"2"% "<-$"**(52% ."66% 1#$:"$% 1#-*% Kce1–10L;% E4/"$% -$51#<% $5/#/(52+% /0"*"% 4#./5$*%

"<-6#(2"3%XZ;Xr%#23%]U;Xr%54%"#.0%1#$:"$%*"/D*%'#$(#2."+%$"*-"./('"6=%KR(8;%GiT%#23%AL;%,"%.05*"%

/0"%6(9"$#6%4#./5$Q2719"$%.$(/"$(52%/5%9#6#2."%$"/#(2(28%#*%17.0%54%/0"%*-#/(#6%(245$1#/(52%(2%/0"%

2"7$59(5658(.#6% 1#$:"$*% #*% -5**(96"% )(/0% $"37.(28% 1#$:"$% 176/(.566(2"#$(/=% (2% /0"% 45665)(28%

176/('#$(#/"%#2#6=*"*;%R#./5$%*567/(52*%)"$"%*7.."**4766=%'#6(3#/"3%#8#(2*/%-"$17/"3%9$#(2%1#-*%

KB"</%GS;\;eL%#23%4#./5$*%)"$"%2#1"3%9#*"3%52%/0"%15*/%.65*"6=%$"6#/"3%5$(8(2#6%#/6#*"*%KR(8;%Gi!%

#23%NL;`;%E33(/(52#66=+%)"%-$5'(3"%#%3"*.$(-/(52%(2%/0"%1#(2%J"/053*%Ke;i;SL%#23%#%3"*.$(-/(52%54%

/0"% -"$17/#/(52% /"*/% (2% /0"% *7--6"1"2/*% KB"</% GS;\;eL;% ,"% -$5'(3"% 4#./5$% 65#3(28*% #*% )"66% #*%

.5$$"6#/(52%1#/$(."*%45$%K(L%/0"%5$(8(2#6%1#-*%#1528%"#.0%5/0"$+%K((L%/0"%5$(8(2#6%1#-*%)(/0%"#.0%

4#./5$%1#-+%#23%K(((L%/0"%4#./5$%1#-*%#1528%"#.0%5/0"$%(2%R(8;%Gi;%>23""3+%/0"%-"$17/#/(52%/"*/%)#*%

#33"3%(2%$"*-52*"%/5%/0"%(2(/(#6%$"'(")*%'(#%b#/7$"%/5%3"152*/$#/"%/0#/%/0"%"*/(1#/"3%4#./5$Q*567/(52*%

"<-6#(2"3%*(82(4(.#2/6=%15$"%'#$(#2."%(2%/0"%5$(8(2#6%3#/#%/0#2%_$#2351`%*567/(52*%K"*/(1#/"3%52%

-"$17/"3%2"7$59(5658(.#6%1#$:"$%1#-*L;%

>2%$"*-52*"%/5%/0"%*".523%.511"2/+%)"%25)%3"*.$(9"%57$%0("$#$.0(.#6%)5$:465)%K4$51%#66%

3(1"2*(52#6(/=Q$"37."3%1#$:"$*+%/5%*"6"./"3%3(1"2*(52#6(/=Q$"37."3%1#$:"$*+%/5%5$(8(2#6%1#$:"$*%

/0#/% 65#3"3%*/$5286=%52%/0"%*"6"./"3%3(1"2*(52#6(/=Q$"37."3%1#$:"$*L%15$"%"<-6(.(/6=%(2%&"*76/*%

*"./(52%\;\%/5%(245$1%/0"%$"#3"$%9"45$"0#23%#957/%)0#/%/5%"<-"./;%
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i;%>/%(*%.511"23#96"%/0#/%/0"%#7/05$*%"23"#'57$%/5%8"2"$#6(*"%$"*76/*%3"$('"3%4$51%/0"%&7/0"$45$3%

"/%#6%J&>%3#/#*"/%/5%ETA!%#23%>JEfNb%3#/#*"/*%(2.673(28%6528(/73(2#6%3#/#;%>/%(*%$"-5$/"3%/0#/%

/0"% JHTG% .5Q65.#/(52% $"*76/*% $"-5$/"3% 52% /0"% 9#*(*% 54% /0"% &7/0"$45$3% 3#/#*"/% #$"% *51")0#/%

$"-6(.#/"3%(2%/0"%ETA!%#23%>JEfNb%3#/#*"/*%K&\%\gQgUrL;%G(2."%/0"%JHTGD*%#$"%72.0#28"3%

45$% /0"% &7/0"$45$3% #23% ETA!@>JEfNb% #2#6=*"*+% -$"*71#96=% /0(*% 3"8$""% 54% .5$$"*-523"2."%

*(1-6=%$"46"./*%/0"%.5$$"6#/(52%9"/)""2%&7/0"$45$3%#23%ETA!@>JEfNb%AB%1#-*m%H(:")(*"+%/0"%

0(80%3"8$""%54%'#$(#9(6(/=%(2%JHTGQ.57-6(28%25/"3%#/%#2%(23('(37#6%6"'"6%-$"*71#96=%$"46"./*%/0"%

/=-(.#6(/=%5$%#/=-(.#6(/=%54%#2%(23('(37#6D*%AB%-0"25/=-"%.51-#$"3%/5%/0"%3"'"65-1"2/#6%25$1*%

-796(*0"3%9=%&7/0"$45$3m%>%#-5658(*"%(4%>%0#'"%1(**"3%*51"/0(28%(2%/0"%$#/0"$%3"2*"%3"*.$(-/(52%54%

/0"*"% #2#6=*"*% 97/% *05)(28% /0#/% 3#/#*"/*%E% #23% T% K&7/0"$45$3% #23%ETA!@>JEfNbL% #$"% 95/0%

.5$$"6#/"3%)(/0%4(<"3%-5(2/%54%$"4"$"2."%A%KJHTGL%*7$"6=%526=%/"66*%7*%/0#/%E%#23%T%#$"%.5$$"6#/"3m%

B0(*%)5763%25/%9"% *7$-$(*(28+% "*-".(#66=% *(2."% /0"%&7/0"$45$3%3#/#*"/% (2.673"*% K9#*"6(2"+% .$5**Q

*"./(52#6L%3#/#%4$51%/0"%ETA!%.505$/+%(;";+%E%#23%T%#$"%25/%"2/($"6=%(23"-"23"2/%54%"#.0%5/0"$%9=%

.52*/$7./(52;% >% )5763% )"6.51"% 8$"#/"$% .6#$(/=% .52."$2(28% /0"% $"6#/(52*0(-*% 9"/)""2% /0"% J&>%

-0"25/=-"*%KE%#23%TL+%#23%/0"%"</"2/%/5%)0(.0%'#$(#9(6(/=%(2%(23('(37#6%JHTGQ.57-6(28%$"46"./*%

(23('(37#6% K#L/=-(.#6(/=%54%J&>%-0"25/=-"*% .51-#$"3% /5% #8"Q#--$5-$(#/"%25$1*;%E*% (/% */#23*+% >%

45723%(/%3(44(.76/%/5%*""%05)%/0"%#2#6=*(*%54%ETA!@>JEfNb%6528(/73(2#6%3#/#+%(2%#88$"8#/"%5$%

(23('(37#66=+%#33"3%1#/"$(#66=%/5%/0"%$597*/2"**%5$%9(5658(.#6%(2/"$-$"/#/(52%54%/0"%-$(2.(-#6%$"*76/*%

3"$('"3%4$51%/0"%&7/0"$45$3%3#/#*"/;%

,"%#8$""%)(/0%/0"%$"'(")"$%52%/0"($%(2/"$-$"/#/(52%54%/0"%*-#/(#6%(2/"$.5$$"6#/(52%9"/)""2%

AB%K.0#28"L%3(*/$(97/(52*%(2%/0"%153"6"3%K&7/0"$45$3L+%ETA!+%#23%>JEfNb%3#/#;%W5)"'"$+%)"%

/0(2:%/0#/%/0"$"%1(80/%9"%#%1(*723"$*/#23(28%52%57$%15/('#/(52%45$%/0"%(23('(37#6Q6"'"6%#2#6=*"*?%

B0"%25$1#/('"%153"6%(*%/$#(2"3%52%.$5**Q*"./(52#6%3#/#%#23+%9=%(/*%2#/7$"+%153"6*%AB%/$#F"./5$("*%

#*% *155/0% .7$'"*;% ,"% 7*"% -$"3(./(52*% 4$51% /0(*% 153"6% /5% .#6.76#/"% _153"6"3`% /(1"-5(2/Q/5Q

/(1"-5(2/%AB%.0#28"*+%#**71(28%/0#/%/0"*"%#./7#66=%*05)%#'"$#8"%K1"3(#2L%.5$/"<%3"'"65-1"2/%

-#//"$2*%#*%)5763%9"%59*"$'"3%(2%6528(/73(2#6%3#/#+%"'"2%/05780%/0"%153"6%)#*%/$#(2"3%52%.$5**Q

*"./(52#6%3#/#;%,"%/0"2%7*"%/0"%#./7#6%6528(/73(2#6%3#/#%K(;";+%ETA!%#23%>JEfNbL%/5%*05)%/0#/%

/0(*%(*%(23""3%/0"%.#*"%52%/0"%6"'"6%54%_"<-6#(2"3%'#$(#2."%54%AB%.0#28"%-#//"$2*`;%E*%.#2%9"%*""2%

(2%/0"%#2#6=*"*%_-$"3(./(28`%.505$/Q#'"$#8"%AB%.0#28"*%#.$5**%/0"%3(44"$"2/%/(1"*-#2*+%/0"%.0#28"*%

9"/)""2%-$"3(./(52*%9=%/0"%153"6%(23""3%*""1%/5%.5$$"*-523%/5%/0"%#./7#6%.0#28"*%(2%AB%59*"$'"3%

(2% 6528(/73(2#6% 3#/#% K";8;+% R(8;% UE+% /5-% #23% 1(336"% $5)L;% E*% /0"% $"'(")"$% -5(2/*% 57/+% 52% /0"%



29 

Manuscript NCOMMS-23-54400-T: Revision 1 

Lotter et al., “Regional patterns of human cortex development colocalize with underlying neurobiology” 

(23('(37#6Q*79F"./% 6"'"6+% )"% 4(23% 0(80% (2/"$(23('(37#6% '#$(#2."+% #6/05780% /0"% 5'"$#66% -#//"$2% 54%

"<-6#(2"3%AB%.0#28"*%*""1*%/5%.51"%/0$5780+%2"'"$/0"6"**;%,"%#8$""%)(/0%/0"%$"'(")"$%/0#/%/0"%

.5$$"*-523"2."*% 9"/)""2% 25$1#/('"% 153"6% -$"3(./"3% 3#/#% #23% #./7#6% 6528(/73(2#6% 3#/#% (2% /)5%

*"-#$#/"%.505$/*%*/"1%4$51%/0"%4#./%/0"%*-#/(#6%-#//"$2*%54%AB%.0#28"*%#$"%*0#$"3%9"/)""2%/0"*"%

3#/#% *57$."*;%B0(*%1(80/% *5723% $#/0"$% /$('(#6+% 97/% 8('"2% /0"% .$5**Q*"./(52#6% /$#(2(28% 3#/#% 54% /0"%

25$1#/('"%153"6%#23%#%15/('#/(52%/5%#**"**%05)%/0"%_AB%.0#28"%-$"3(./(52`%4$#1")5$:*%-"$45$1*%

52%/0"%(23('(37#6%6"'"6+%(2%57$%'(")+%F7*/(4("3%/0"%(23"-"23"2/%6528(/73(2#6%#2#6=*"*;%B0"$"45$"+%)"%

)5763%(23""3%#$87"%/0#/%/0"=%#33%/5%/0"%$597*/2"**%54%57$%$"*76/*+%97/%)"%#8$""%)(/0%/0"%$"'(")"$%

(2%/0#/%/0"=%35%25/%2"."**#$(6=%#33%/5%/0"%9(5658(.#6%(2/"$-$"/#/(52%54%/0"%153"6Q9#*"3%$"*76/*%#/%/0"%

.7$$"2/%*/#8";%B0"%6#//"$%.5763%9"%#.0("'"3+%05)"'"$+%)(/0%47$/0"$%45665)Q7-%-$5F"./*+%45$%"<#1-6"+%

"'#67#/(28% "-(QK8"2"/(.L% 5$% -"$(-0"$#6Q-0=*(5658(.#6% *57$."*% 54% /0"% 59*"$'"3% (2/"$(23('(37#6%

'#$(#/(52+%)0(.0%)"%/0(2:%)5763%85%9"=523%/0"%*.5-"%54%/0"%.7$$"2/%)5$:;%B5%#..51153#/"%/0"*"%

/05780/*% (2% /0"%1#27*.$(-/+%)"%.0#28"3% /0"% (2/$537./(52%54% /0"% (23('(37#6Q6"'"6%#2#6=*"*% (2% /0"%

&"*76/*+% 0(806(80/(28% /0#/% /0"% "<-65$#/(52% 54% *57$."*% 54% (2/"$(23('(37#6% '#$(#9(6(/=% )#*% /0"% .5$"%

15/('#/(52%K*"./(52%\;X+%_W5)"'"$+%#%*56"%45.7*%52%153"6"3%-5-76#/(52%AB%.0#28"+%(;";+%1"3(#2%

-$"3(./(52*% 4$51% /0"% 25$1#/('"% 153"6+% 35"*% 25/% #665)% 45$% (24"$"2."*% #957/% (23('(37#6Q6"'"6%

2"7$53"'"65-1"2/+% )0(.0% (*% /0"% 1#23#/5$=% -$"$"P7(*(/"% 45$% "<-65$(28% -5/"2/(#6% *57$."*% 54%

(2/"$(23('(37#6% '#$(#9(6(/=;`L+% #23% *-".(4(.#66=% 3(*.7**"3% /0"% 3(*.$"-#2.=% 9"/)""2% .505$/Q% #23%

(23('(37#6Q6"'"6% "<-6#(2"3% AB% .0#28"% "*/(1#/"*% (2% /0"% 4(2#6% !(*.7**(52% -#$#8$#-0% K457$/0%

-#$#8$#-0+%_E*%"'(3"2."3%9=%57$%.51-#$#/('"%#2#6=*"*%9"/)""2%_AB%.0#28"%-$"3(./(52*`%9=%/0"%

25$1#/('"% 153"6*% #23% .505$/Q#'"$#8"% AB% .0#28"*% #*% 59*"$'"3% "*-".(#66=% (2% /0"% (23"-"23"2/%

>JEfNb%*#1-6"+%25$1#/('"%153"6*%#$"%.#-#96"%54%-$"3(./(28%-5-76#/(52Q6"'"6%3"'"65-1"2/+%"'"2%

)0"2%"*/(1#/"3%526=%52%.$5**Q*"./(52#6%3#/#;%f5(28%9"=523%/0(*%8$57-Q6"'"6%3(*.5'"$=%#--$5#.0+%

)"%3"152*/$#/"%/0"%4"#*(9(6(/=%54%3"'"65-1"2/#6%*-#/(#6%.565.#6(a#/(52%#2#6=*"*%(2%*(286"%*79F"./*%

9=%1#--(28%(23('(37#6Q6"'"6%9$#(2%3"'"65-1"2/%/5%*-".(4(.%2"7$59(5658(.#6%1#$:"$*;%W5)"'"$+%/0"%

*/$528% '#$(#/(52% (2% .565.#6(a#/(52% "*/(1#/"*% 59*"$'"3% 52% /0"% (23('(37#6% 6"'"6% )#$$#2/*% 47$/0"$%

$"*"#$.0% (2/5%25$1#/('"%153"6(28%54% 6528(/73(2#6%3#/#%52% /0"%52"%*(3"%#23%-5/"2/(#6% *57$."*%54%

(2/"$(23('(37#6%'#$(#9(6(/=%52%/0"%5/0"$;`L+%)0(6"%0(806(80/(28%-5/"2/(#6%47/7$"%*/73=%3($"./(52*;%H#*/+%

)"% #$"% #)#$"% /0#/% )"% .5763% 0#'"% *05)2% /0"% .5$$"*-523"2."% 54% AB% .0#28"% -#//"$2*% 9"/)""2%

25$1#/('"%153"6+%>JEfNb+%#23%ETA!%3#/#%52%/0"%_AB%.0#28"`%6"'"6%$#/0"$% /0#2%52%/0"%_AB%

.0#28"%"<-6#(2"3`%6"'"6;%>23""3+%)"%-$5'(3"%5'"$'(")%-65/*%45$%*7.0%$"6#/(52*0(-*%(2%R(8*;%GSX%#23%

G\Z;%W5)"'"$+%#*%/0"%AB%.0#28"%"<-6#(2"3%(*%57$%c%/5%*51"%"</"2/%c%9(5658(.#66=%(2/"$-$"/#96"%1#(2%
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57/-7/%1"/$(.%#23+%8('"2%57$%.5$"%15/('#/(52%54%-$5'(3(28%#2%(23('(37#6Q6"'"6%1"/$(.%)(/0%-5/"2/(#6%

9(5658(.#6%1"#2(28%/5%9"%"'#67#/"3%47$/0"$%4$51%-0=*(5658(.#6%#23%.6(2(.#6%*/#23-5(2/*+%)"%#$87"%

/0#/%/0"%45.7*%52%"<-6#(2"3%AB%.0#28"%(2%/0"%6528(/73(2#6%#2#6=*"*%)#*%/0"%15*/%$"#*52#96"%$57/"%

/5%/#:";%

e;%B0"%!(*.7**(52%*788"*/*%/0#/%/0"*"%1"/053*%#23%$"*76/*%.#2%9"%7*"3%/5%'#6(3#/"%2")%/$"#/1"2/%

/#$8"/*+% #23@5$% /5% 723"$*/#23% /0"% 156".76#$% 5$% ."6676#$% 9#*(*% 54% #/=-(.#6% J&>% -0"25/=-"*% (2%

2"7$53"'"65-1"2/#6% 3(*5$3"$*;% W5)"'"$+% /0"$"% #$"% 25% 3#/#% $"-5$/"3% 52% 3(*5$3"$*% #23% /0"% 526=%

_/#$8"/*`% *788"*/"3% 9=% /0"*"% $"*76/*% #$"% _35-#1(2"$8(.% #23% 1(.$586(#6% *=*/"1*% 45$% "#$6=%

3"'"65-1"2/%#*%)"66%#*%/0"%.056(2"$8(.%*=*/"1%(2%.52/"</%54%-#/05658(.#6%#8(28`;%B0(*%6"'"6%54%/#$8"/%

'#6(3#/(52%(*%/55%9$5#3Q9$7*0%45$%-$#./(.#6%-7$-5*"*+%";8;+%3$78%3"'"65-1"2/+%#23%>D1%25/%.52'(2."3%

(/% /"66*% 7*% #2=/0(28% )"% 3(32D/% #6$"#3=% :25);% H(:")(*"+% >% /0(2:% /0"% .6#(1% K-SgL% /0#/% _*-#/(#6%

.565.#6(a#/(52%#--$5#.0"*%.#2%4#.(6(/#/"%3(*.5'"$=%54%-0=*(5658(.#6%1".0#2(*1*%723"$6=(28%*-".(4(.%

.523(/(52*`%(*%25/%$"#66=%2#(6"3%35)2%9=%/0"%3#/#%/0#/%0#'"%9""2%$"-5$/"3+%37"%/5%/0"%6(1(/#/(52*%54%

*-#/(#6%.5$$"6#/(52#6%#2#6=*(*%45$%.6#$(4=(28%1".0#2(*/(.%$"6#/(52*0(-*%9"/)""2%.5$$"6#/"3%1#-*;d%

,"%/0#2:%/0"%$"'(")"$%45$%/0(*%.511"2/+%)0(.0%)#*%#6*5%$#(*"3%9=%/0"%5/0"$%$"'(")"$*;%>2%

57$%/05$5780%$"'(*(52%54%/0"%>2/$537./(52%#23%!(*.7**(52+%/0"%*/#/"1"2/*%/0"%$"'(")"$%$"4"$*%/5%)"$"%

(23""3% $"15'"3% 5$% *(82(4(.#2/6=% #6/"$"3;% E*% 1"2/(52"3% (2% $"*-52*"*% /5% /0"% 5/0"$% $"'(")"$*D%

.511"2/*+% )"% 0#'"% 25)% $"15'"3% /0"% $"4"$"2."*% /5% 2"7$53"'"65-1"2/#6% 5$% 2"7$53"8"2"$#/('"%

3(*5$3"$*% /5% */$"#16(2"% 57$% $"-5$/(28% :""-(28% /0"% 1#(2% 45.7*% 52% 252Q-#/05658(.#6% .5$/"<%

3"'"65-1"2/;% B0"$"45$"+% /0"% 4($*/% *"2/"2."% K_35-#1(2"$8(.% #23% 1(.$586(#6% *=*/"1*% o;;;q`L% )#*%

3$5--"3% 4$51% /0"% -#-"$;% B0"% */#/"1"2/% 52% 3$78% 3"'"65-1"2/% )#*% 6(:")(*"% $"15'"3;% B0"% 6#*/%

*/#/"1"2/%K_o;;;q%*-".(4(.%.523(/(52*`L%)#*%#6/"$"3%/5%_O7$%$"*76/*%(23(.#/"%/0#/%(4%7*"3%#*%#%$"4"$"2."%

45$%/=-(.#6%9$#(2%3"'"65-1"2/+%.519(2(28%25$1#/('"%153"6*%54%9$#(2%$"8(52#6%4"#/7$"*%)(/0%*-#/(#6%

.565.#6(a#/(52% #--$5#.0"*% .5763% 4#.(6(/#/"% 3(*.5'"$=% 54% -0=*(5658(.#6% 1".0#2(*1*% 723"$6=(28%

*-".(4(.%3"'"65-1"2/#6%-#//"$2*;`+%)0(.0%)"%$".:52%*/#=*%.65*"$%/5%57$%#2#6=*"*%#23%4(23(28*;%>2%

/0"% !(*.7**(52+% )"% "<-65$"% /0"% .6(2(.#6% '(")-5(2/% 4$51% /)5% -"$*-"./('"*% /0#/% 95/0% 0(806(80/%

-5/"2/(#6%47/7$"%$"*"#$.0%#'"27"*?%R($*/+%.6(2(.#6%3#/#%.5763%9"%7*"3%/5%-$5'(3"%'#6(3#/(52%45$%/0"%
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Reviewer #1 (Remarks to the Author):

The authors have made a significant revision. I have only a few minor comments and suggestions.

1) The authors asserted the development of the human cortex throughout the manuscript, yet 

their focus was solely on cortical thickness. It is evident that different cortical morphological 

features, such as cortical thickness, surface area, and volume, exhibit distinct growth patterns and 

are likely to demonstrate varying neurobiological associations. Consequently, I would suggest the 

authors to rephrase their claims, with a primary focus on cortical thickness. It would also be 

valuable to include a brief discussion on this topic.

2) The authors performed spatial correlation analyses between developmental cortical thickness 

and adult neurobiological markers. While the authors have added descriptions of scientific 

reasonability in the response letter, the discussion of limitations in the main text is insufficient. I 

would suggest including a comprehensive discussion of the major limitation.

Reviewer #2 (Remarks to the Author):

The authors have successfully addressed all my concerns, and I have no further comments.

(Also, I sincerely apologize for the delayed response due to my maternity leave).

Reviewer #3 (Remarks to the Author):

Thanks to the authors for their very thorough and constructive response to the issues I raised - I 

am now happy to recommend the paper for publication
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Dear Editorial Team, dear Reviewers, 

We thank you again for the time and effort you have put into evaluating our revised 

manuscript. Below you find our responses to the reviewers’ comments. We hope that these 

sufficiently address the remaining points raised by Reviewer #1. All original reviewer comments 

are printed in blue font, citations from the revised manuscript are printed in red. We thank you for 

considering our manuscript for publication! 

Sincerely, 

Leon D. Lotter and Juergen Dukart, on behalf of the authors 

Reviewer #1: 

The authors have made a significant revision. I have only a few minor comments and suggestions. 

We thank the reviewer for acknowledging our detailed revision. We hope that our responses 

below and adjustments to the manuscript sufficiently address the reviewer’s remaining concerns. 

1) The authors asserted the development of the human cortex throughout the manuscript, yet their 

focus was solely on cortical thickness. It is evident that different cortical morphological features, 

such as cortical thickness, surface area, and volume, exhibit distinct growth patterns and are likely 

to demonstrate varying neurobiological associations. Consequently, I would suggest the authors to 

rephrase their claims, with a primary focus on cortical thickness. It would also be valuable to 

include a brief discussion on this topic. 

We agree with the reviewer on our perhaps imprecise language in parts of the manuscript. 

We adjusted the text while keeping a close eye on what level (i.e., the broader “cortex” or “cortical” 

vs., more specifically, “cortical thickness”) we referred to exactly in each statement. In the revised 

version, we use the broader “(development of the) cortex” only in introductory sentences and in 

references to prior literature or our general approach as appropriate. When we talk about our 

specific methodology and results, we consistently use “cortical thickness”/ “CT”. We would like 

to note that we maintained the current title (“Regional patterns of human cortex development 

spatially overlap with underlying neurobiology”) as it was specifically suggested by the editor. 

Finally, we added a statement on the topic matter to the last discussion paragraph, citing 

the well-known reports on diverging genetic influences and developmental trajectories of cortical 
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thickness and area by Wierenga et al. and Panizzon et al.: “Notably, here we focused exclusively 

on CT. Considering the diverging genetic influences and developmental trajectories of other brain-

morphological features81,82, those might show different neurobiological associations.”

2) The authors performed spatial correlation analyses between developmental cortical thickness 

and adult neurobiological markers. While the authors have added descriptions of scientific 

reasonability in the response letter, the discussion of limitations in the main text is insufficient. I 

would suggest including a comprehensive discussion of the major limitation. 

We thank reviewer #1 for reemphasizing this central point of our work. However, while the 

reviewer only points out our “descriptions of scientific in the last response letter”, we would like 

to first highlight the thorough revisions made to the manuscript in this regard:  

We introduce our approach noting the difficulties of directly measuring biological 

processes or properties of the human brain in vivo (second Introduction paragraph, “Unfortunately, 

as today’s neuroimaging tools do not suffice to study human cellular neurobiology in detail, we 

have to rely on scarce human postmortem and non-human animal data. Conversely, while 

structures and processes on the molecular level are partly accessible in humans with nuclear 

imaging, here, the exposure to radioactivity practically forbids application in typical developing 

children and adolescents, limiting its use to study neurodevelopment.”). We then provide a short 

form of the mechanistic argument for our spatial colocalization approach, which is what the 

reviewer might refer to above (Introduction, second paragraph, starting with “Neural cell 

populations and molecular-level tissue structures and processes […]”). The complete version of 

this argumentation (closely following the response letter) was added to the supplementary 

materials. Notably, our argument is specifically based on correlating developmental MRI data with 

adult-derived “normative” atlases of neurobiological properties! However, we acknowledge other 

interpretations of our method and results, as noted below. At the end of our argumentation in the 

main Introduction, we note the possibility of “third” processes influencing the correlation between 

CT change and neurobiological markers, limiting specificity of interpretation (“Notably, it is 

conceivable that a third process could influence both, X and CT, leading to a correlation between 

X and CT changes that is non-causal but still implies a neurobiological mechanism influencing 

both.”). We close with listing further limitations, including the limited causal inferences (“We 

emphasize that, despite causal assumptions being made on the conceptual side (see above), neither 

prior nor the current spatial correlation study can actually prove causal relationships between an 
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MRI-observed change pattern and tested neurobiological markers. Relatedly, the specificity of 

spatial associations is inherently limited by the spatial resolution and noise associated with both 

correlated components.”). 

In the largely rewritten Discussion section, we list several limitations of our approach, 

however, not in a dedicated Limitations section but at the contextually sensible places in the 

Discussion (e.g., second Discussion paragraph, starting from “Interpretation of our results is 

furthermore complicated by […]”). Here, we note several limitations of both the adult-derived 

neurobiological atlases as well as the cross-sectional lifespan CT models. We then go on to discuss 

what would be necessary to infer causal relationships from spatial colocalization analyses (third 

Discussion paragraph) as well as what is required for a potential clinical translation (last Discussion 

paragraph).  

Given these substantial improvements made to our manuscript in terms of a future-oriented 

discussion of limitations of the present study was well as spatial colocalization approaches in 

general, which already maximally increased the length of our manuscript, we suggest a rather 

concise way of handling the reviewer’s request: With adding the following sentence the very end 

of the manuscript’s Discussion, “Closing, it is important to reiterate that the central assumption of 

the spatial colocalization approach used here is that the spatial topology of adult neurobiology is 

reflected in neurodevelopmental changes in MRI-based CT estimates. Given the lack of non-

invasive tools to study developmental neurobiology in vivo, our study provides evidence, albeit 

indirect, for such associations.”, we hope to lastingly remind the reader of this central limitation 

(as raised by the reviewer), however in light of the necessity of the current work.

Reviewer #2: 

The authors have successfully addressed all my concerns, and I have no further comments.  

(Also, I sincerely apologize for the delayed response due to my maternity leave).  

We are happy that we were able to address all raised concerns and thank Reviewer #2 for 

their positive evaluation of our manuscript! 
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Reviewer #3: 

Thanks to the authors for their very thorough and constructive response to the issues I raised - I am 

now happy to recommend the paper for publication.  

We thank Reviewer #3 for their favorable response to our revision!  


