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REVIEWER COMMENTS 

Reviewer #1 (Remarks to the Author): 

I think this is a well written manuscript describing an interesting set of models and ex vivo 

observations that, together, make a substantial contribution to the literature on cortical folding. 

The authors have presented evidence for a novel idea, namely that mechanical forces created by 

cortical folding (buckling forces) affect white matter organization in real brains with folded cortices. 

Specifically, the authors present a computational model (based on the notion of tension-induced 

fiber growth) that predicts a predominance of tangentially oriented axons beneath cortical sulci, 

and then provide brain imaging evidence to show that the prediction is borne out. The idea that 

axons “the brain [i.e., cortex] pulls on axons” rather than vice versa, has been stated before (e.g., 

Holland et al. 2015), but the present authors go further by focusing on the fact that the orientation 

of the “pulling” forces is not always radial. We can argue over whether this insight/discovery rises 

to the level of a “novel paradigm” (as stated in the abstract), but it does represent a significant 

advance in understanding. Of course, I have a few major and several minor suggestions for 

improvement. 

Major Issues: 

1) I had a lot of trouble understanding Figure 2 and suspect that it can be improved. 

(a) In panel A, I would replace “pre-folded” with “before folding” or something equivalent, since 

“pre-folded” means (to my mind) “already folded”. 

(b) Panel B is where I ran into real trouble. First, I think this figure illustrates “stress-induced axon 

thickening” more than stress-induced elongation. I understand that in experimental studies you 

can get axons that become thinner when they are rapidly stretched and then return to their 

normal thickness as they grow. However, your text mainly refers to tension-induced axon 

elongation (e.g., page 7: “fibers parallel to the direction of applied tension will slowly elongate”), 

which to my way of thinking does not imply clearly distinct periods of stretch versus 

restoration/growth. As I understand your model, the tension builds gradually, rather than in 

sudden bursts (though I suppose buckling might cause the rates of changes in tension to vary 

locally). Please clarify, if possible. 

(c) A second confusing aspect of panel B is that the middle and right rectangular slabs are shown 

as being equal in volume, but one is labeled as V=V<sub>0</sub> while the other is labeled 

V>V<sub>0</sub>. After a considerable amount of time spent staring at this figure, I think you 

mean to illustrate that stretching the cube radially will increase the density of radially oriented 

axons (under a given area of cortical surface, due to what you refer to as Poisson’s effect) , which 

will then (after the stress-induced thickening) lead to an increase in the volume fraction (but not 

the number) of axons that run parallel to the applied tension. I’m still not sure I understand this 

properly, but I think part of the problem is that I, as reader, was slow to appreciate the 

importance in your model of having a relatively low density of axons initially. Perhaps my 

somewhat inchoate reaction to your figure will help you improve it. Sorry I can’t make more 

specific recommendations. 

(d) Finally, regarding panel C, it might be helpful to explain further what this graph is meant to 

illustrate. It might help to show on the same graph what happens to the volume fraction for the 

other axons (f2); presumably it goes to zero as f1 goes to 1 ... 

2) I really liked how you computed local eigenvectors throughout the monkey cortex, as shown in 

your Figure 5, rather than merely showing an illustrative example region (as in your figure 4). I 

was surprised, therefore, that you resorted to a sample illustration of your data for the second part 

of your manuscript, where you’re describing and then testing the ellipsoid model (Fig. 6). I agree 

that the illustration confirms your prediction, but why didn’t you strive to develop a more objective 

(less prone to bias) test? I don’t want to be so presumptuous as to tell you what you should have 

done, but I can imagine, for example, a histogram of eigenvector angles that compares what you 

see when you have a ventricle versus a caudate/putamen, and/or a graph that shows how those 

angles vary with ventricular surface curvature. I think anything that provides a more 

comprehensive and objective measure of your DTI findings relative to model predictions would 

make the manuscript stronger. Also, I’d love to know if the “tangential” fibers along the ventricular 

surface are oriented parallel to the long axis of the “ellipsoid” in vivo (e.g., along the temporal 



lobe) as well as in your model. I presume this is the predicted orientation, but you don’t really say 

(other than something in the discussion about the longitudinal fasciculi). 

3) I liked the findings from your exploration of parameter space and would have liked to see them 

spelled out a bit more and integrated better into the main paper. As it is, these findings are only 

presented in the supplementary figure, supplementary text (page 27, lines 16-22) and a bit of text 

on page 17, but I think they are more interesting and important than these placements suggest. I 

know there are manuscript space constraints, but perhaps a bit of reviewer-induced manuscript 

elongation is possible. 

4) The last paragraph of the Discussion doesn’t do much for me. I think that space could be better 

used for discussion of some of the other issues mentioned above. 

Minor Issues: 

page 4 line 13: You wrote: “the least restriction direction of displacement parallel to the primary 

fiber orientation”. This is very difficult to parse and, given that this is the Introduction, a more 

accessible wording would be useful. At least change “restriction” to “restrictive” so that you don’t 

have one noun modifying another. 

page 9, line 4: I think a word is missing between “progression” and “subplate” 

page 10: I am not clear on your distinction between subplate and inner/out fibrous layer; can you 

provide a reference for this distinction? I did not see one in Kostovic and Rakic (1990). This 

becomes important, for example, in your figure 4, where the in vivo data show a fibrous later but 

your model doesn’t. What are the implications of this difference between the model and the real 

thing? On a more practical level, I wonder how you draw the boundaries between subplate and 

deeper layers. One way to address this issue would be to include a supplemental figure showing 

variations in subplate thickness in relation to gyri (as in Kostovic and Rakic 1990) or modify Fig. 1 

to indicate the extent of the subplate (maybe I’m wrong, but I think most neurobiologists would be 

surprised to learn that essentially all of the white matter in the illustrated sections is subplate). 

You might also need some additional, clarifying text somewhere. 

page 10: I was a bit unclear on your statement that “In spite of the low FA value, the primary 

eigenvector orientation is radially oriented within the subplate”. My understanding is that fractional 

anisotropy (FA) and the eigenvectors are related variables. Perhaps you can briefly explain how 

you can have a significant “primary eigenvector” at the same time as low FA (which intuitively 

should be high if the eigenvector is large). Also note that in Figure 4 you refer to the eigenvectors 

as “principal anisotropy vectors”, which might confuse some readers. 

It might be good somewhere to mention that an increase in fiber density within the subplate is 

almost certainly not JUST due to tension-induced fiber growth, but also due to the invasion of 

additional axons into the subplate (e.g., as this region becomes a “waiting compartment” and long 

descending axons come out of the cortical plate). 

A question: I find it interesting that radial glia exhibit less/slower tension-induced elongation than 

axons. Given that these fibers are by definition radially oriented, how does their presence affect 

cortical folding? I suppose Baily et al. already answered that, but as the glia “fan out” in gyri, does 

that affect the likelihood of forming additional folds? Just food for thought. 

Page 17, line 11: Change to “a novel framework”; and, yes, I like “framework” better than 

“paradigm” – more modest but still indicating significance! 

Page 17 – lines 20-23: I haven’t read the ferret tissue cutting paper in some time, but I am 

unclear from your text about the distinction between “tangentially subjacent” and “radially 

subjacent” to gyri and sulci. Perhaps an additional word or two would help the non-specialist 

reader understand . Also, in lines 22-23 you make it sound as if the earlier work had measured 

tissue compression as well as tension; are you sure? I thought they could only detect varying 



degrees of tension. 

Page 18, line 24: There is something missing in this sentence, or else I’m not getting the full 

meaning of “organization”. Perhaps it is better to spell out what kind of organization has been 

reported. 

Page 27, line 12: Insert “from” after “stem” ? 

Supp. Fig. 1, caption: What is meant by “location frequency”? 

Reviewer #2 (Remarks to the Author): 

The manuscript by Garcia, Wang and Kroenke provides a very interesting approach to 

conceptualising and modelling the effect of cortical folding on white matter connectivity. The 

authors introduce a biomechanical model of brain development where folding of the cortical 

surface influences the growth and organisation of cerebral white matter fibres. Their work is also 

very timely. Probably the most influential hypothesis for the origin of brain folding was proposed 

by Van Essen in 1997. A review and extension of this hypothesis was published very recently (Van 

Essen, 2020). In that model axonal tension is supposed to drive cortical folding. Unlike Van 

Essen’s model, several models proposed by different biophysicists suggest on the contrary that 

cortical folding is not due to cortico-cortical axonal tension, but driven by a buckling instability. 

The model proposed here goes one step further and suggests a mechanism through which cortical 

folding could direct brain connectivity, inverting the causal arrow of Van Essen’s model. 

Some aspects in the presentation of the model could be made more clear, however, to prevent 

misunderstanding and potential objections. In this work the current buckling model is 

complemented by equations driving the growth of white matter axons. Buckling models (for 

example Tallinen et al 2014) show that residual stress after folding stretches the white matter 

inside gyri with a direction orthogonal to the pial surface, and compresses the white matter under 

sulci. In Garcia’s et al. model, this leads to the selective growth of fibres perpendicular to the 

surface in gyri, and fibres parallel to the surface in sulci. 

There is however, some confusion in the presentation of the model between the aspects which are 

really supposed to represent observable phenomena, and those which due to simplifications 

required by the computational/methodological demands: 

1. The model is axisymmetric, and the folding patterns look very artificial (concentric rings). This 

could lead some readers to dismiss this model in favour of others which produce more natural 

looking folding (ex., Toro 2012, Tallinen et al 2014, 2016, or even the rather unrealistic folding 

models based on reaction-diffusion equations which nevertheless produce more naturally looking 

patterns than here). It would be better to hint the reader not to focus on the shape of the folding 

patterns produced – whose reproduction is out of the scope of the model – and to point to the 

really novel point: the induction of consistent fibre orientations in correspondence with gyri and 

folding. 

2. In the white matter the model acts on fibre orientations, however, the illustrations show 

streamlines (likely the integration of the direction field) which may be mistaken by fibres. Some of 

these fibre-looking streamlines, for example, form closed loops (blue lines in Fig. 3, for example) 

or do not make any contact with the grey matter. A reader could also wonder why there is no 

cortico-cortical fibres. These misunderstandings could lead some to unfairly dismissing the model. 

It should be made clear that the model aims at reproducing white matter orientation and that the 

streamlines are there only to support visualisation (maybe they could be completely avoided, and 



show only directions as is the case for the macaque data). 

I imagine that these simplifications (axisymmetric model, ‘grid’ streamlines) may be due to the 

computational demands of the model, which is reasonable, but should be clearly stated if that’s the 

case. This should prevent readers from misinterpreting and dismissing the contribution. 

Additional points follow: 

4. p3 l2. Authors highlight several aspects indicating a strong link between brain folding and the 

organisation of white matter connectivity. The authors illustrate this point by citing results from 

neurological and psychiatric disorders, animal experiments and also pointing out that gyri and sulci 

inherently influence the length of axons. Probably U-fibres (those that link adjacent gyri by 

travelling parallel to sulcal fundi) should also be mentioned. U-fibres have been widely reported in 

several gyrencephalic species, and are not clearly explained by models such as those of Van Essen 

(1997, 2020) or Hilgetag & Barbas 2006 which would suggest fibres pulling together walls of the 

same gyrus instead. Although the streamlines illustrating the results of the model do not form U-

fibres, the direction field is clearly compatible with such organisation. 

5. p3 l16. The model of Richman et al. (1975, ref. 11) proposes a differential expansion of the 

superior versus inferior layers of the cortex, and not between the cortex versus the subplate. The 

models of Toro and Burnod (2005) and Tallinen et al (2016) (refs. 12, 13), such as various other 

similar ones propose a difference of the cortex versus all the underlying core. 

6. p4 l14. The idea that cortical folding may be a causal force influencing brain organisation is 

novel, timely, and not widely considered in the literature. We have discussed the possibility of a 

causal influence of folding on cytoarchitecture and connectivity in Toro and Burnod (2005) and 

Toro (2012). An expanded discussion on the issue, and its importance for brain development and 

evolution, was further presented in Foubet et al (2019) and Heuer and Toro (2019). The authors 

may find in those references some ideas complementary to theirs. 

7. Figure 1c may be misleading. Welker (1990), Ronan and Fletcher (2014), De Juan Romero et al 

(2015) among others have proposed a model in which different cortical regions grow at different 

rates. For example, a genetic pre-patterning of the cortex would determine which regions grow 

more than others to become gyri. This model is sometimes referred as the “differential expansion” 

hypothesis: what is differentially expanding is not the cortex over the substrate (constrained 

growth), but one cortical region relative to another. Figure 1c illustrates growth in the cortex with 

longer arrows in gyri compared with sulci, which may lead some readers to think they are actually 

referring to “differential expansion” and not to “constrained growth”. Maybe arrows of the same 

length could be used throughout? 

8. p7 l9. What was Poisson’s ratio for the fibres (in steady state)? One could imagine that 

shrinking due to Poisson’s effect could trigger growth in fibre caliber to compensate stress, leading 

to a Poisson’s ratio of ~0 instead of ~0.5 used for soft elastic tissue? 

9. p7 l13. In the model, under the action on stress, an element of volume will end up having fibres 

of a single orientation. However, in reality multiple directions often coexist (which is a well 

recognised problem for diffusion weighted imaging tractography). Van Wedeen et al. (2012) even 

proposed a conceptual model where white matter axons would always belong to 1 of 3 locally 

orthogonal orientations, based on DWI tractography data supported by histological data. How are 

these observation compatible with the model? 

10. p8 l7. In the model folding was triggered by making a small region grow 5% faster than the 

rest of the cortex (which reminds to some extent the differential expansion hypotheses of Welker, 

Ronan, Borrell,…). Was this necessary to trigger folding? Wouldn’t the addition of a very small, 

homogeneous, geometric noise be sufficient? As far as I know, in most buckling models numerical 

noise is sufficient to trigger folding. Was the idea to control the pattern of folding more precisely? 

What is the size of this small region? What is its shape? Was the rate of growth of this region 5% 

larger only at the beginning of the simulation or throughout the simulation? 



11. p20 l3. Why cortical growth in the model is only tangential? Cortical thickness does increase 

through the period of cortical folding (likely due to the neuropil development, dendrites, axonal 

collaterals,…). In ferrets, for example, cortical thickness goes from <1mm at before folding (P4) to 

~2mm at ~2 weeks (adult-like folding pattern). If growth is isotropic instead of just tangential 

such x2 increase in length, would translate to a x8 increase in volume, which is about the increase 

of brain volume observed within that period? Is the assumption that radial cortical growth is only 

the passive response to the pull of the white matter core and that all active growth is exclusively 

tangential? 

12. Because of the remodelling of the white matter fibres, I can’t get a general idea of its overall 

elasticity, to be able to compare this model with previous models. In the context of the literature 

on buckling of bi-layers, does the present model correspond more to a wrinkling regime such as 

the models of Budday et al (2014), Bayly et al (2013) where the top layer is stiffer than the 

bottom one, or a creasing regime as strongly advocated by Tallinen, Mahadevan, et al (2014, 

2016), where the elasticity in both tissues is similar? 

13. p17 l10: “patterns *of* cortical” 

14. It would be very helpful to made the source code for the simulation available (as is for 

example the case with the models of Toro et al. or Tallinen et al.). This could facilitate replication 

as well as future comparisons and extensions of the model. 

R. Toro 

Reviewer #3 (Remarks to the Author): 

In this paper, the authors propose a new model that takes the volume fraction of axonal fiber into 

account. The model’s outcomes – the predicted fiber organizations in the underlying white matter 

– are compared qualitatively against the high-resolution ex vivo diffusion tensor imaging of the 

developing rhesus macaque brain. The authors conclude that the proposed model supports a 

causative role for folding in the stereotyped fiber organization beneath gyri and sulci. While the 

model builds upon the authors’ previous work (Bayly et al., 2013), this manuscript’s novelty lies in 

incorporating the volume fraction of the evolving axonal fiber in the anisotropic material model. 

While the paper is extremely interesting, I believe that there are several unanswered questions 

regarding the proposed constitutive model. Before this manuscript is ready for publication, the 

authors need to address the following concerns: 

1. Compared to the evolution equation in their previous work (Bayly et al., 2013), the evolution 

equation proposed here contains the volume fraction f_i in front. This modification is briefly 

explained, but not fully justified. It is not immediately apparent to me that the growth rate (as 

opposed to the total volume change) should depend on the volume fraction of fibers. In addition to 

a more thorough justification of this governing equation, it would be helpful to further illustrate its 

effect under simple loading conditions. For instance, Fig. 2 could also contain graphs showing the 

total volume and the imposed stretch on the hypothetical tissue volume element with fibers. 

2. While the volume fraction of axonal fiber changes in response to the stress, it does not in turn 

affect the stiffness of the material. Mechanical tests have shown that white matter has pronounced 

anisotropic and stretch-locking behaviors (Garcia-Gonzalez et al., 2018). The authors should 

consider this in their model, including a non-linear term in the mechanical free energy (Eq. 4) to 

capture this behavior. 

3. This study would be more compelling if the effect of various initial fiber organizations were 

investigated and illustrated. For instance, using a different coordinate system (such as Cartesian 

instead of spherical) for the initial fiber directions, or assigning slightly different initial fiber 

densities to certain direction(s) (instead of the predominantly radial orientation shown here). Are 

the findings robust to changes in initial alignment? 



4. In Figure 4d, fibers appear to be highly aligned under both the gyral crown and sulcal fundi, but 

there is an observable difference in FA value between the two regions. Similarly, in the macaque 

brains, the FA value does not change significantly in time or vary significantly between gyri and 

sulci. This difference should be discussed further. 

5. The choice of exponential cortical growth, while based on data from macaque development, is 

unusual. Most, if not all, of the studies used for comparison in this manuscript used linear growth. 

Considering that a major point is comparisons between axonal growth rates in these studies, this 

presents a significant problem, as axonal and cortical growth rates can really only be understood 

relative to each other. This choice should be justified further, and its affect on the relationship 

between axonal and cortical growth rates should be discussed and, if possible, quantified. 

Additionally, I believe the paper would be strengthened by addressing the following comments: 

1. The term 'viscoelastic growth' is used in several places to refer to the behavior of the subplate, 

and it is not clear what is meant by this. Growth represents the addition of new mass while 

viscoelasticity is the result of microstructural changes. While the resulting behavior appears similar 

in some contexts, the two processes are not the same, and this distinction should be made more 

clearly to avoid confusing readers. 

2. The authors explain their calculations of the stress-dependent fiber elongation parameter at 

length. However, consider that the experiments analyzed in Holland et al. 2015 include stretches 

of almost 800% in an hour, which is hardly physiological. Assuming that most experiments rely on 

similarly aggressive stresses and stretches, this might suggest that parameters based on in vitro 

experiments represent upper bounds of what axons are capable of, rather than the quantification 

of physiological behavior. 

tissue is in compression. This is alluded to in lines 11 and 12 but should be made explicit. 

4. The numerator and denominator in Eq. 3 appear to be (unitless) volume ratios, not volumes. 

Perhaps the second term would be better written as J_fibers,i / J_total. 
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Reviewer #4 (Remarks to the Author): 

The authors propose that stress induced by cortical growth and folding might explain the white 

matter configurations seens in the underlying white matter. In particular, they argue that stress-

induced fibre growth might explain the tangential orientations in the white matter underlying sulci 

and the radial orientations in the white matter underlying gyral crowns. These patterns are shown 

in ex-vivo macaque DTI data for comparison. This is an interesting proposal, however I am 

confused about the underlying mechanics. 

Model queries: 

1. Could the authors clarify what is actually happening during the initial tissue stretch and the 

subsequent fiber elongation phase shown in Figure 2. How can the tissue stretch without the axons 

within it elongating (or breaking)? And if the fibres elongate during the tissue deformation phase, 



what is actually the growth in the second phase? The illustration in Figure 2 seems to suggest that 

during the "fiber elongation" phase it is actually the axonal diameters that change, which does not 

appear in line with my (admittedly very cursory reading) of the papers describing fiber elongation 

under stress. It would be very helpful to spell out explicitly what the model implies for what 

happens with the axonal length, axonal diameter, and number of axons under stress, keeping in 

mind that the tissue cannot deform without axonal elongation/shrinkage. 

2. The model does not appear to take into account extra-cellular space. While stretching tissue in 

one dimension would reduce the density of cells and axons not aligned with the stretch, the extra-

axonal space will increase as the tissue volume increases. This would prevent the fibre volume 

fraction from going to one (Figure 2). This assumption of no extra-cellular space greatly influences 

the total fibre density increase seen in Figure 3, which would instead remain roughly constant if 

the extra-axonal space was extra-cellular rather than cellular. 

3. The result of the simulations seem to imply that the increase in the white matter's fractional 

anisotropy during development can be explained by tissue deformations, without the traditional 

explanations of new axon formation and myelination. Do the authors actually think this is the 

case? If so, it would be good to actually discuss this surprising result in the discussion. 

Minor comments: 

1. When introduction the mechanical stress \sigma it would be very helpful to mention that this is 

related to the elastic deformation tensor F* through equations given in the methods section, so 

the reader knows where to find the remaining equations. 

2. It would be good to mention that the layer selected in Figure 6 is supposed to represent the 

"superficial subplate" in the caption or the main text rather than only in the methods section. 

3. The fibre orientations in Figures 4-6 are hard to see. I would suggest to make the figures bigger 

and/or color code the fibre orientations based on how radial orientations. The latter would make it 

a lot easier to see the main point of these figures at a glance. 

4. Page 13; line 6: insert "of" in "features subcortical fiber organization" 

5. Page 13; line 27: "FA increased" should be "increased FA" 

6. Please define J* in equation 4 













































REVIEWERS' COMMENTS 

Reviewer #1 (Remarks to the Author): 

I was very impressed with how well you addressed all of the reviewer concerns. You produced one 

of the best response/rebuttal letters I've ever read, and I think your revisions have made the 

manuscript more readable, largely because the highly technical parts are now more separated 

from the general conceptual matters. Because the other reviewers are clearly more expert at the 

technical aspects of your work, I will leave it to them to ensure that no mistakes have crept in, but 

I urge you also to triple check your revisions. Finally, I just want to point out a missing "on" on 

page 3, line 16; I also suggest you write "applying axon elongation rates only to fiber components" 

on page 18, line 25. 

Reviewer #2 (Remarks to the Author): 

The authors have answered all my questions satisfactorily. I don't have further comments, and in 

my opinion the paper should be accepted for publication. 

Reviewer #3 (Remarks to the Author): 

This paper has been much improved in revisions. Upon rereading, and in light of the authors' 

modifications, a few really important points stood out to me. These are, at least in the first two 

cases, observations I had perhaps made but not articulated even to myself, and I believe the field 

will be better for having them made explicitly: 

1. stress-dependent fiber elongation effectively decreases subcortical stiffness 

2. sinusoidal and creased folding are not mutually exclusive; the former may morph into the latter 

3. fiber fraction can be a bridge between in vitro experiments, where only axons are stretched, 

and simulations of whole brain tissue. 

I have only a few remaining comments and suggestions, and hope the paper can be accepted and 

published within a reasonable timeline. 

4. Fig. 8b is based on six orders of magnitude of growth, which seems to be overdone ad 

absurdum 

5. I don't quite agree with the argument that stress-dependent subcortical growth exponential; 

this is only true under constant stress, which is not realistic. (Perhaps some regions are under 

constant stress, but certainly not the tissue as a whole.) I do, however, understand that is it 

difficult to meaningfully compare two quantities such as subcortical and cortical growth which are 

obviously related, but equally obvious differ in significant ways. 

6. The tables need much more complete captions; e.g. Supplementary Table 1 should explain the 

meaning of asterisks and bold text. 

7. Fig. 3 is a bit confusing, as both rates and times are being changed simultaneously. How were 

the times chosen? 

Very minor edits: 

8. missing minus sign in p7 line 11 

9. missing 1 in units of Gaxon in Table 1 

10. perfusion-fixed is missing a hyphen (p28) 

11. the confusing term "pre-folded" has still been used in the paper 

Reviewer #4 (Remarks to the Author): 

Thanks to the authors for their careful consideration of my comments. The changes made in the 

Methods sections have (at least for me) greatly clarified these simulations of how cortical growth 

affects the underlying fibre density and orientation. The results are very interesting, in particular 

after the inclusion of a look at how the results depend on model parameters as suggested by other 

reviewers. 



I have no further comments, except for noting that there is a minus sign missing in the equation 

for f_{c,0} on page 7, line 11. 



We would like to again thank the reviewers for their positive remarks and suggestions. 
Minor changes to the revised manuscript are outlined point-by-point below.

New changes to the main text, including those based on editorial comments/formatting 
requirements, are highlighted in red in the revised manuscript document. (Since the 
Supplement must be submitted in final form, changes to that content are only described 
below.)

Reviewer #1 (Remarks to the Author): 

I was very impressed with how well you addressed all of the reviewer concerns. You 
produced one of the best response/rebuttal letters I've ever read, and I think your 
revisions have made the manuscript more readable, largely because the highly 
technical parts are now more separated from the general conceptual matters. Because 
the other reviewers are clearly more expert at the technical aspects of your work, I will 
leave it to them to ensure that no mistakes have crept in, but I urge you also to triple 
check your revisions. Finally, I just want to point out a missing "on" on page 3, line 16; I 
also suggest you write "applying axon elongation rates only to fiber components" on 
page 18, line 25. 

We thank the reviewer for their positive remarks regarding our response to initial 
reviewer comments. We appreciate the urging to triple check our revision, which we 
have done. We have corrected the missing “on” on page 3 and adjusted the phrasing on 
page 18 as suggested.

Reviewer #2 (Remarks to the Author): 

The authors have answered all my questions satisfactorily. I don't have further 
comments, and in my opinion the paper should be accepted for publication. 

We thank the reviewer for their approval of our revised manuscript. 

Reviewer #3 (Remarks to the Author): 

This paper has been much improved in revisions. Upon rereading, and in light of the 
authors' modifications, a few really important points stood out to me. These are, at least 
in the first two cases, observations I had perhaps made but not articulated even to 
myself, and I believe the field will be better for having them made explicitly: 
1. stress-dependent fiber elongation effectively decreases subcortical stiffness 
2. sinusoidal and creased folding are not mutually exclusive; the former may morph into 
the latter 
3. fiber fraction can be a bridge between in vitro experiments, where only axons are 
stretched, and simulations of whole brain tissue. 



Thank you for your positive comments – we greatly appreciate the reviewers’ input, 
which prompted us to flesh out and emphasize these points. 

I have only a few remaining comments and suggestions, and hope the paper can be 
accepted and published within a reasonable timeline. 
4. Fig. 8b is based on six orders of magnitude of growth, which seems to be overdone 
ad absurdum 

While we agree that this is an unnecessary order of magnitude in terms of illustrating 
growth (change in volume). However, this length of time (and absurd magnitude of 
growth) is necessary to illustrate the theoretical asymptotic approach toward a volume 
fraction of 1. We recognize that this extreme growth is not biologically plausible, but still 
feel this theoretical/conceptual illustration of our new constitutive equations is useful. 
Thus, we have kept limits the same in Fig. 8b, but we have revised the caption to subtly 
reframe the focus of this panel. 

Figure 8. Theoretical growth and remodeling in response to sustained tension. (a) Schematic 
illustration of tissue elements with embedded fibers in initial configuration (left), after a short period of 
stretch and fiber elongation (middle), and after an extended period of stretch and fiber elongation (right). 
Tissue blocks are not shown to scale since volume increase becomes dramatic over an extended period of 
stretch. (b) Theoretical behavior of a tissue element subjected to sustained tension in direction e1 as time 
approaches infinity. Top graph illustrates the total change in volume, starting from a nondimensionalized 
total tissue volume (Vtotal) of 1 at the initial time point. V1 represents volume associated with fibers aligned 
in the direction of tension (e1), while V2 and V3 represent the volume associated with fibers perpendicular to 
tension (e2 and e3), and Vc represents the volume associated with cells and extracellular matrix. Vertical
axis is log scaled to facilitate visualization, as total volume begins to increase dramatically (approximately 
exponentially) at later time points. Bottom graph illustrates the effect on volume fraction of each tissue 
component, starting from an initial fiber volume fraction of 10% in each direction. When tension and fiber 
growth are allowed to continue indefinitely, fiber volume fraction approaches 1 while the volume fraction 
of non-fiber components (fc) approaches 0.

5. I don't quite agree with the argument that stress-dependent subcortical growth 
exponential; this is only true under constant stress, which is not realistic. (Perhaps some 
regions are under constant stress, but certainly not the tissue as a whole.) I do, 
however, understand that is it difficult to meaningfully compare two quantities such as 
subcortical and cortical growth which are obviously related, but equally obvious differ in 
significant ways. 

We agree that exponential subcortical growth (as shown in Fig. 8) is only true under 
constant stress. Under more realistic conditions, such as the finite element models in 
this study, stress-dependent growth would be expected to relieve stress over time, and 
subcortical growth would taper as a consequence of reduced tension. In this way, an 
exponential form, in terms of constitutive equations, can still accurately capture non-
exponential growth behavior.

We stress that Fig. 8 has been provided as a conceptual illustration. We have added 
several instances of the term “theoretical” to stress this in the manuscript.  

  The theoretical consequences of these governing equations are illustrated in Fig. 8, considering a simple 
block of tissue subjected to sustained tension in one direction and zero stress in perpendicular directions. 



  Figure 8. Theoretical growth and remodeling in response to sustained tension.

6. The tables need much more complete captions; e.g. Supplementary Table 1 should 
explain the meaning of asterisks and bold text. 

Thank you for pointing out this omission. The special cases in Supplementary Table 1 
are now denoted as shown below: 

Supplementary Table 1. Predicted fold morphology above localized variation in subplate fiber distribution 

Local fiber volume fraction 
relative to surrounding subplate 

Initial predominant 
fiber orientation 

High curvature model 
prediction 

Low curvature model 
prediction 

Higher or Same 
1 > 2 = 3 Gyrus Gyrus 
2 > 1 > 3 Sulcus Sulcus 
3 > 1 > 2 Gyrus*,+ Sulcus*,+

Lower or Same 
2 = 3 > 1 Sulcus+ Sulcus+

1 > 3 > 2 Gyrus Gyrus 
1 > 2 > 3 Sulcus* Gyrus* 

*predicted direction of folding depends on initial model curvature 

+stress-induced remodeling deviates from the initially predominant fiber orientation 

7. Fig. 3 is a bit confusing, as both rates and times are being changed simultaneously. 
How were the times chosen? 

Times were chosen to illustrate morphology and fiber volume fractions after the onset of 
folding, which occurred later for higher rates/fiber densities. We appreciate the reviewer 
raising this confusion. We have added a statement to the caption to clarify this point: 

(b) Rate of fiber elongation and initial fiber density similarly alter the time course and morphology of 
cortical folding. For each case, simulation time (T) was chosen to illustrate morphology and fiber volume 
fractions at a similar stage of fold formation.

Very minor edits: 
8. missing minus sign in p7 line 11 

Thank you, this omission has been corrected. 

9. missing 1 in units of Gaxon in Table 1 

This omission has been corrected. 

10. perfusion-fixed is missing a hyphen (p28) 

This omission has been corrected. 

11. the confusing term "pre-folded" has still been used in the paper 



We apologize for failing to catch this instance in the Fig. 7 caption. We have replaced 
the term “pre-folded” with “G85”. 

Reviewer #4 (Remarks to the Author): 

Thanks to the authors for their careful consideration of my comments. The changes 
made in the Methods sections have (at least for me) greatly clarified these simulations 
of how cortical growth affects the underlying fibre density and orientation. The results 
are very interesting, in particular after the inclusion of a look at how the results depend 
on model parameters as suggested by other reviewers. 

I have no further comments, except for noting that there is a minus sign missing in the 
equation for f_{c,0} on page 7, line 11.

We thank the reviewer for their approval of our revised manuscript, and we appreciate 
this catch of a missing minus sign on page 7. This error has been corrected in our final 
manuscript.


