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Version 1: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The manuscript describes the development and application of a mathematical model of axon growth and alignment in the
developing brain during the period of cortical folding. In this model axons are assumed to elongate at a rate that depends on
stress, and align with the direction of maximum tensile principal stress (MTPS). The results of the model are presented in
terms of axon fiber density below gyral peaks and sulcal fundi. 

Strengths: The manuscript has numerous strengths. The authors propose plausible mechanisms for axon growth and
reorientation. Their mathematical model is rigorous and clear, consistent with both physical laws and reasonable constitutive
models. The authors systematically explore the effects of the assumed mechanisms and their governing parameters on local
axon density. Notably, they compare the model predictions to to experimental measurements of axon density from imaging
data. 
The model exhibits a nice balance between simplicity and complexity. The spatial domain is only 2D, and the properties are
consistent throughout cortical and subcortical regions. This simplicity clarifies the roles of the factors that are includes:
stress-dependent growth, axon re-orientation, and the separation of subplate into axons and “extracellular matrix” (ECM). 

Weaknesses: There are a few weaknesses that could be addressed in a revision. 
1. The manuscript in its current form does not include any figures showing the stress state in the tissue. The maps of axon
distribution would be complemented by maps of the stress field. 

2. The folding patterns are generally similar. It would be interesting to explore more clearly different folding/instability
patterns and see the resulting stress and fiber fields. 

3. The evidence in the paper is fundamentally correlative. The study does not include a specific experimental perturbation of
stress field or folding patterns, and accompanying effect on fiber patterns. So conclusions should be tempered. 

Other comments 
1. The term “validate” (p.15, p.30) is not really accurate for a simplified model such as this one (or really most models), due to
inevitable simplifying assumptions and approximations. (“All models are wrong; some are useful”). This is not saying that a
model is bad, just a guide to how to interpret it. The terms “evaluate” or “assess” are better, and the authors already use
those on occasion. 

2. The authors cite reference [42] to claim that outer cortical layer is stiffer than subplate, and explore factors up to 4. I think
that many other studies have observed smaller differences in stiffness. I suggest that the authors acknowledge that the
preponderance of evidence supports a factor of 1-2 between cortical and subcortical stiffness. 

3. A recent paper describes the temporal evolution of tissue properties during the period of folding. Walter C, Balouchzadeh
R, Garcia KE, Kroenke CD, Pathak A, Bayly PV. Multi-scale measurement of stiffness in the developing ferret brain. Sci Rep.
2023 Nov 23;13(1):20583. doi: 10.1038/s41598-023-47900-4. PMID: 37996465; PMCID: PMC10667369. 



(Remarks on code availability) 

Reviewer #2 

(Remarks to the Author) 
This computational study improves upon previous models of cortical folding and subcortical axon remodeling to illustrate
how mechanical stresses resulting from cortical folding may serve a role in “axonal pathfinding”, defined via a combination of
towed growth and axonal tip reorientation/migration. The latter is accomplished by implementation of novel modeling
methods, which also provide compelling, intuitive illustrations of the process. However, authors fail to adequately cite past
modeling work in places, as well as contextualize what model predictions are novel to the current study versus redundant
with previous mechanics-based studies using alternative implementations of stress-dependent reorganization. For example,
in the abstract authors state, “The results of the study, for the first time, demonstrate the potential mechanical mechanisms by
which the density of axon bundles in gyri (ridges) is higher than in sulci (valleys), which is an observation derived from
experiments and imaging data that has not been fundamentally explained before.” However, previous models implementing
towed growth or passive axon have already demonstrated how either of these mechanisms can result in higher density of
axon bundles in gyri than sulci. 

In light of past work, the impact of the current work is less than currently stated by authors. However, the current model does
possess unique elements that are truly novel and interesting. Thus, the work is not suitable for publication in its current form,
but I encourage authors to revise and resubmit their work after addressing the points below. 

Major concerns 
1. Authors should clarify what aspects of their model and analysis are novel, as opposed to extension or replication of
previous work. Much of the method related to towed growth appear similar to Garcia et al. 2021, but are not cited as such.
Use of previously reported theoretical frameworks, equations, parameter choices, as well as comparisons to human / animal
models, should be clearly contextualized as such. 
2. An novel aspect of the proposed is implementation of axon rotation to the primary stress direction, which results in
interesting and compelling behavior. Authors claim that this addition accelerated/accentuated the accumulation of radial
fibers in gyri. However, the accumulation of radial fibers within gyri has also been demonstrated in models without this
feature. This includes (1) models of simple folding deformations in a substrate containing discrete axons (e.g.,
Chavodhnejad et al. 2021) as well as (2) models of towed growth that considered radial fiber density as part of a composite
tissue definition (Garcia et al 2021). In the Introduction and Discussion, it would be useful and important to compare and
contrast the current model, in light of these previous studies. 
3. An important limitation of the current model is the failure to implement or consider tangential fibers. Reasoning for omitting
these fibers should be provided, and omission should be described in the discussion/limitations section. 
4. Similarly, the current study relies on tractography-based comparisons to human data, which are notoriously biased to
capture radial fibers in gyri. Authors should describe limitations related to tractography in the Discussion section. 
5. All models of the current manuscript are limited to a 2D rectangular space that, while commonly applied in simple studies
of brain folding, has important limitations. Most critically, fixed or symmetry constraints along the bottom edge and sides will
lead to stresses that may not reflect – or will less realistically reflect – stresses in the developing brain. Authors are
encouraged to explore the stress state in more realistic, even if still 2D, representations of the brain, such as circles/ellipses
or even ellipsoids via axisymmetry. In either case, limitations of this framework should be discussed. 
6. The current description of the white matter constitutive model is confusing. First, authors describe an inner subcortical
core “primarily composed of neuronal axons,” then as a combination of axons and ECM. The terminology in Methods could
be clarified. Notably, the developing subcortical tissue is not primarily composed of neuronal axons – rather, at early stages,
the subcortical tissue is dominated by radial glial cells/scaffolds, extracellular matrix, and other cells. If the “white matter”
tissue was indeed mostly axons, justify this choice and describe in Limitations. 
7. Perhaps related to the above point, authors describe growth of the white matter as “elastic” and isotropic. The description
of growth as “elastic” is confusing to this reviewer – perhaps they meant inelastic? This is an important distinction. Also, is
the “isotropic” growth separate from the axon elongation described elsewhere? How do these fit together? 
8. Table 2 has some important inaccuracies. I encourage authors to double check these fields. 

Minor concerns: 
1. In introduction, authors state, “This hypothesis has been supported by recent experimental and computational studies,”
and do cite several more recent studies (11,15–21). However, this hypothesis has a much longer history, and is supported
by studies dating back at least 50 years. It would be good to cite these original papers. A review of these can be found in the
current papers referenced. 
2. On page 2, a reference is needed for the statement, “This aligns with the observation that gyri consist of a greater number
of neurons compared to sulci.” 
3. On page 3, the statement, “This hypothesis has been recently updated 10” is unclear, as it implies that the hypothesis of
axon elongation in response to folding has been updated. 
4. On page 4, the statement, “The intricate interplay between growing axonal fiber bundles and stress-strain fields and the
mechanisms that underlie the observed greater fiber density in gyri compared to sulci lacks clarity,” is redundant and
perhaps overstated. I would recommend omitting this sentence. 
5. On page 5, the statement, “Table S1 indicates that the major part of cortical folding and connectivity development of the
thalamocortical fiber tracts occur concurrently,” could be omitted and instead Table S1 referenced in parentheses at the end
of the previous sentence. 



6. On page 6, the statement, “The imaging data indicate that cortical thickness undergoes changes during the early
developmental stage,” should include a reference. 
7. Fig. 2 panel a seems to suggest that direction changes will happen at the neuronal cell body. However, biologically I
would imagine the cell body as the anchor point, and the other end as the axon tip as the point being guided by stress.
Perhaps authors can clarify their intention with this figure and consider an alternative illustration. 
8. On page 13, isotopically should be isotropically 
9. The statement, “The effect of boundary conditions was eliminated by increasing the width of the model to � = 60 ��”
should be adjusted, as increasing the width of the model does not eliminate the effect of boundary conditions completely. I
suspect authors mean that this would eliminate one or more specific effects related to model width when the domain is
smaller. 
10. On page 18, “This observation aligns with previous studies on stresses within the developing brain” appears to have the
wrong reference. Please check all in text citations throughout the manuscript. 
11. The statement, “This equates to a sixfold increase in cortical surface area over a complete simulation period of 50
gestational days 37.” appears to have the wrong reference. Please check all in text citations throughout the manuscript. 

(Remarks on code availability) 

Reviewer #3 

(Remarks to the Author) 
This work introduces a multi-scale model for axonal growth that investigates its link to cortical folding. 
In a bilayer model with growing cortex and sub-cortex, the growing axons are hypothesized to reorient themselves 
along the direction of the maximum tensile principle stress in the white matter, which can be different from the 
initial direction of growth. Various parametric studies reproduce experimental observations (higher density of axonal 
fibers under gyri than sulci) and indicate potential inverse correlations between gyrification index and 
cortex:substrate stiffness ratio. Studies also indicate an inverse relationship between growth rate of axons to the 
gyrification index, further indicating that if the equivalent stiffness of the white matter (tissue + axon) increases, 
gyrification decreases. The paper makes important observations, but needs further improvement in the manuscript before
publication. 

Major concerns: 

1. There is confusion on how the axon is modeled in the FE simulations. Can each element in the subcortex be both an axon
and white matter? Fig 2 and Fig 7c suggest that an element can either be an axon OR white matter, not both. Later on,
simulations account for equivalent stiffness. Further, the visualization of how an axon grows seems to indicate that axon is
smoothly reorienting itself, which suggests that an element can be both. Can the authors clarify this? 

2. The equations for reorientation (20-23) as well as the algorithm provided suggest that the process is deterministic. Yet,
later on in the text, there is mention of gaussian noise (with zero mean) added. This should be clarified in both the text and
the equations. 

3. Related, in Fig. 11 and in the relevant section, 'Without Reorientation' really means that the reorientation is not stress-
driven (rather due to the small gaussian noise at each step). If this is the case, the terminology should be clarified. 

4. The method/equation for calculating gyrification index is missing; it is also important to carefully define how the convex
hull is found. 

5. The paper would be much clearer with a table of the values/ranges of all the parameters used in the simulations. 

6. Code and data should be shared via Github (only data is mentioned, and has not yet been shared). 

Minor concerns: 

1. P22: " In Fig. 6(a), a stiffness ratio of 1, which creates an isotropic substrate for folding of the cortex, has no effect on the
morphology of cortical folds." This should be reworded; the stiffness ratio does affect the morphology, but the axons don't. 

2. There are several notation issues that the authors need to pay attention to: 
2.1 The notation for derivative w.r.t time (D_t vs dot{\theta} vs \partial{D}/\partial{t}) 
2.2 The normals defined in the algorithm and in equations 15-19 are going to be updated at each time step 'k', hence each of
them require a subscript 'k'. 
2.3 Likewise with the variables omega and R (eq. 20). 
2.4 The basis vectors e_x and e_y on pg 13 (top) should be defined. 
2.5 Units should be consistently used, e.g. day or d but not both 
2.6 The caption of Fig 7 uses the 'x' symbol which in the text implies the cross product. 
2.7 If the authors mean that higher order tensors are in bold and scalars are in unbold, then the variables epsilon and omega



in eq 20 should be in bold. 

3. There are several typos as well that need to be corrected: 
3.1 Section number 2.1 is used twice. The proceeding sections should also be renumbered. 
3.2 On pg 26, there is a line break that divides a sentence into two paragraphs. 
3.3 The thickness of the cortex t_c is shown as 1.5 m, which should likely be millimeters 
3.4 reference #9 should be Van Essen, not Essen 
3.5 In the first sentence of the introduction, I believe you are referring to neural tubes, not neuronal tubes 

4. Red-green color scales should be avoided due to issues for colorblind individuals 

(Remarks on code availability) 
No code was included. The manuscript mentions that the data will be available from their github page, but there's actually no
mention of sharing the code even after publication. 

Reviewer #4 

(Remarks to the Author) 
This manuscript investigated the interplay between cortical folding and brain connectivity development through a proposed
mechanical model. The authors explored how growing axon bundles navigate within a dynamic stress field influenced by
the folding cortex. There are several key findings, including the mechanical stress influence on axonal growth, the
bidirectional relationship between the biophysical properties of axons and cortex patterns, and how axonal growth alters the
material properties of white matter. The manuscript showed the critical role of mechanics in early brain development and
suggests that understanding these interactions could provide insights into brain disorders characterized by abnormal folding
and connectivity. However, the proposed model seems to be rough and confusing. 

1. Although the introduction included an extensive literature review, it is still difficult to identify the novelty of this work. 

2. In Eq. (24), the authors provided a growth rate of the axon which add a fixed growth rate G^axn to the traditional stress-
dependent growth rate. However, this makes no sense. In fact, after adding the growth rate G^axn, the desired target
(homeostatic) stress sigma0 becomes sigma0 - G^axn / a. The authors set sigma0 = 0 and G^axn > 0, which corresponds to
a negative homeostatic stress. Therefore, the growth rate Eq. (24) is inconsistent with the experimental investigations [Refs.
66-68]. 

3. Many of the parameters used in the simulations in the study were not real data from the brains, but used some
experimental data of other tissues. It is impossible to estimate whether these influenced the results. 

4. The study simulated the interaction between cortical folding and axonal development in the developing brain, which
displays clear 3D features. However, the proposed model was simplified to a 2D geometry. 

5. Below Eq. (1), the authors stated that the gradient operator is applied with respect to the material point X in the reference
configuration. In Eq. (1), however, the gradient operator is applied with respect to point x in the current configuration. 

6. Eqs. (3)-(4) and Eqs. (9)-(10) both refer to F^g, but they represent different quantities. To avoid misunderstanding, different
notations should be used. 

7. There are some inconsistencies between Fig. 5 and its citations on Pages 20 and 21. 

(Remarks on code availability) 

Version 2: 

Reviewer comments: 

Reviewer #1 

(Remarks to the Author) 
The authors have addressed the concerns raised in my previous review. 

(Remarks on code availability) 

Reviewer #2 

(Remarks to the Author) 
Thank you for these clarifications to the manuscript. The new version is much improved! 

(Remarks on code availability) 



Reviewer #3 

(Remarks to the Author) 
The responses from the authors and the changes that they have made in the manuscript have addressed many of the issues
raised by the reviewers, but I still have significant concerns about missing or unclear methods and overstated claims. 

Major issues: 
1. The abstract says "In particular, the degree of gyrification is shown to correlate strongly with the density, growth rate, and
mechanical properties of underlying axon bundles." However, there is very little evidence - certainly not to support a claim of
"strong correlation". For example, Fig. 5 looks at the effect of growth rate but changes in morphology are not quantified; Figs.
6 and 7 quantify the effect of axonal stiffness and number of fibers on GI and find statistically significant results (but
realistically, likely a very small effect size). What seems to be somewhat more supported by the data is that the cortical
folding morphology affects the growth of axons (in their simulations; not necessarily in vivo). 

2. Relatedly, at the bottom of page 28 the section is titled "Effect of stochastic nature of axon growth on cortical folding and
fiber organization" but the related figure, Fig. 9, does not quantify the changes in cortical folding (e.g. gyrification index,
wavelength, or sulcal depth). 

3. Several methodological details are still missing. 
a. While the response to reviewers explained the use of splines to visualize axonal directions, the only mention of splines in
the manuscript is to point out where they aren't used (p22). 
b. The calculation of GI is said to require fitting of a "smoothed, curved line that minimally encloses the cortical surface".
More details would be helpful. I also assume the dotted line in Fig. 6c is a hand drawing and not the actual convex hull,
because it shows some small areas of concavity. 
c. Many similar simulations include some kind of perturbation or imperfection to trigger buckling. Was one used here? 

4. I believe Table 1 has a mistake; if the "Else if" statement in step 2 is not true, then the quantity n^T_max would be
undefined. 

5. In Fig. S1, why does the number of simulations affect the results? I expected to see some narrowing of a range of
uncertainty, but in fact uncertainty/standard deviation is not even indicated on the plot. 

6. The inclusion of the timeline in Table S1 is helpful. However, please indicate the approximate weeks that correspond to
your simulations. 

Minor issues: 
7. The scales of the y axes in Fig. 7e and 6c are extremely misleading and should be revised to include 1. 
8. In Fig. S3, there are interesting green shapes in the middle of the mostly-blue substrate. Can the authors explain these? 
9. Fig. S4 still has the titles "with/no reorientation" that was fixed in the last revision. 
10. On p29, specify what quantity you are discussing the standard deviation of. 
11. Some nomenclature is inconsistent - both preferred and present direction are used on p14, and MPTS is used instead of
MTPS on p22. 

(Remarks on code availability) 
I briefly looked through the code and did not see any significant reasons for concern. 

Reviewer #4 

(Remarks to the Author) 
I have no further comments. 

(Remarks on code availability) 

Version 3: 

Reviewer comments: 

Reviewer #3 

(Remarks to the Author) 
Thank you to the authors for their revisions and response. 



I continue to have concerns about the support of the authors' claims. 

1. The revised abstract states that "Importantly, our results demonstrate that the density of fibers reaching the cortical plate
prior to folding plays a significant role in determining the specific locations where gyri and sulci form." Where is this
information shown? Figs. 5 and 8 show simulations where fibers reach the cortical plate before and after folding begins, but
don't compare resulting morphologies or fold placement, only fiber density in gyri and sulci. 

2. The revised abstract also mentions "the connectivity patterning in the folding-induced stress field". What does this mean?
What stress field? 

3. The mention of cortical folding morphology depending on fiber organization was removed from the section heading, but
not the caption of Fig. 9. 

(Remarks on code availability) 
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Review Reply Letter 

We greatly appreciate the reviewers for their thorough review, supportive comments, and 
constructive feedback on the manuscript. We are pleased that the reviewers have acknowledged 
the proposed model, its novelty, and its findings. In response to the reviewers’ insightful 
comments and suggestions, we have diligently revised our manuscript, making substantial 
changes to address all concerns and enhance the clarity of the proposed model and framework, 
differentiating them from previous models and studies. We have also added new figures that 
further strengthen the study and support its novel findings. In this letter, we have provided detailed 
responses to each specific question raised, highlighted in blue. Additionally, all modifications 
have been incorporated and are marked in green in the review reply letter and in blue in the 
revised manuscript. In the revised manuscript, we have avoided overusing terms like “novel”, 
“new”, and “first” throughout the text, in line with the guidelines for Nature formats. Instead, we 
have subtly emphasized the originality of our work and the significance of our findings. We hope 
the reviewers find that the changes we have made in response to their feedback have significantly 
improved the manuscript. 
 
Reviewer #1 (Remarks to the Author): 

The manuscript describes the development and application of a mathematical model of axon 
growth and alignment in the developing brain during the period of cortical folding. In this model 
axons are assumed to elongate at a rate that depends on stress, and align with the direction of 
maximum tensile principal stress (MTPS). The results of the model are presented in terms of axon 
fiber density below gyral peaks and sulcal fundi. 

Strengths: The manuscript has numerous strengths. The authors propose plausible mechanisms 
for axon growth and reorientation. Their mathematical model is rigorous and clear, consistent with 
both physical laws and reasonable constitutive models. The authors systematically explore the 
effects of the assumed mechanisms and their governing parameters on local axon density. 
Notably, they compare the model predictions to experimental measurements of axon density from 
imaging data. 

The model exhibits a nice balance between simplicity and complexity. The spatial domain is only 
2D, and the properties are consistent throughout cortical and subcortical regions. This simplicity 
clarifies the roles of the factors that are includes: stress-dependent growth, axon re-orientation, 
and the separation of subplate into axons and “extracellular matrix” (ECM). 

We sincerely thank the reviewer for their positive comments and for providing a concise and 
thoughtful summary of our work.   

Weaknesses: There are a few weaknesses that could be addressed in a revision. 

We sincerely thank the reviewer for their constructive comments, all of which we have carefully 
addressed in the revised manuscript. Below, we provide detailed responses and the actions taken 
in response to each comment. 

1. The manuscript in its current form does not include any figures showing the stress state in the 
tissue. The maps of axon distribution would be complemented by maps of the stress field.  



Thank you to the reviewer for this constructive comment. In the revised manuscript, we have 
included an image that illustrates how the distribution map of axon bundles aligns with the stress 
state of the tissue. This new image has been added to Figure 1 of the manuscript, and is also 
shown here. As depicted, the growing axon bundles closely follow the tissue’s stress map, 
aligning with areas of tensile and compressive stress. We have made minor revisions to the 
manuscript to highlight the inclusion of stress contours. Additionally, we added a new figure in the 
Supplementary Information that displays the stress field across the entire model (Fig. S3). For 
further details, please refer to the next comment (comment #2). 

 

Fig. 4 Dynamic growth and pathfinding of fibers within a growing and folding bilayer system. In this specific 
model, only 20 fibers have been initiated and grown for a better representation of the results. Pink arrows 
represent the maximum tensile principal stress (MTPS) directions and green arrows show the preferred 
directions. 𝑇 = 𝐺௖௧௫𝑡 is dimensionless simulation time that ranges from 0 to 1, where 𝐺௖௧௫ and  𝑡 are cortex 
growth rate and time, respectively. Normalized Maximum Principal Stress (defined as the ratio of the 
maximum principal stress to the shear modulus of the ECM (𝜇௦)) is shown for each step. For better clarity, 
readers are referred to the color version of the figure in the online version of this article.  

 

2. The folding patterns are generally similar. It would be interesting to explore more clearly 
different folding/instability patterns and see the resulting stress and fiber fields. 

Thank you to the reviewer for this insightful comment. The observed similarity in folding patterns 
is attributed to several factors: 



1. Constant initial thickness: The initial thickness of the cortex layer is held constant in our 
model. Variations in this parameter could affect fold size; increasing or decreasing the initial 
thickness of the cortex would correspondingly increase or decrease the size of the folds. 

2. Uniform cortex layer: Our model assumes a uniform cortex layer thickness. In reality, the 
cortex has varying thickness across anatomical sites, which influences the morphology of 
brain folds. 

3. Homogeneous growth: To simplify the model, we did not include heterogeneous growth 
within the cortex layer. A more complex growth profile could alter fold morphology. 

These simplifications were made to focus exclusively on the growth and pathfinding of axon 
bundles within the folding stress field. To address this, we have added a supplementary figure 
(Figure S3 in the Supplementary Information) demonstrating how variations in the initial cortex 
thickness impact fold size and stress distribution during and after folding process. Increased 
cortex thickness results in larger folds and greater stress penetration into the bottom layer, which 
in turn affects the reorientation of axon bundles. Additionally, we have included a statement in the 
revised manuscript to highlight the variation in cortical folds in the human brain and address the 
reviewer’s comment. This will help readers understand the implications of cortical thickness on 
fold morphology and the observed growth patterns of axon bundles.  

“It is important to note that in our models, the initial thickness of the cortex is kept constant, which 
results in similar folding patterns across all models. However, varying the initial thickness can 
significantly alter the resulting fold shapes. Figure S3 illustrates that increasing the initial thickness 
of the cortex layer leads to larger folds and greater penetration of the stress field into the white 
matter layer. Despite these variations, the observations for the growth and reorientation of fibers 
remain consistent with the base models. Additionally, variations in cortex thickness or a 
heterogeneous growth profile within the cortex could produce different folding morphologies. This 
highlights that cortical folds in the human brain exhibit more complex variations.”  

 



Fig S3. Cortical folding and normalized maximum principal stress map for an initial cortex layer thickness 
of (a) 1.5 𝑚𝑚, and (b) 3 𝑚𝑚. In both scenarios, all other parameters remained constant (𝐺௔௫௡ = 0.8 𝑚𝑚/𝑑, 
𝜇௖/𝜇௦ = 2, 𝑎 = 0.015 𝑚𝑚 𝑃𝑎ିଵ 𝑑ିଵ). As shown, increasing the cortex layer thickness leads to a longer 
folding wavelength and the emergence of larger folds. Additionally, the maximum principal stress increases 
slightly with the thicker cortex layer.  

3. The evidence in the paper is fundamentally correlative. The study does not include a specific 
experimental perturbation of stress field or folding patterns, and accompanying effect on fiber 
patterns. So conclusions should be tempered. 

Thank you to the reviewer for this insightful comment. We fully agree that we should be cautious 
in making strong or definitive claims based on our findings, as the evidence is primarily 
correlational and lacks experimental validation. We have partially addressed this in the limitations 
section of our study; however, it is essential to ensure that this caution is reflected throughout the 
manuscript. Therefore, we revised manuscript to be more tentative rather than definitive, providing 
appropriate caution and clearly acknowledging the limitations of the evidence. To hint the readers, 
we add the following statement at the beginning of the Results section: 

“It is important to note that all results and findings are derived from predictive models. These 
models suggest potential mechanisms that may apply to the developing brain, rather than 
describing the exact process in the human brain. The terminology used for model constituents 
and parameters is aligned with that of the human brain solely to establish an analogy.” 

Other comments 

1. The term “validate” (p.15, p.30) is not really accurate for a simplified model such as this one 
(or really most models), due to inevitable simplifying assumptions and approximations. (“All 
models are wrong; some are useful”). This is not saying that a model is bad, just a guide to how 
to interpret it. The terms “evaluate” or “assess” are better, and the authors already use those on 
occasion. 

Thank you to the reviewer for this critical comment. We fully agree that the term “validate” is not 
accurate in the absence of experimental validation. We apologize for the oversight and have 
corrected all instances of “validate” to “evaluate” in the revised manuscript. 

2. The authors cite reference [42] to claim that outer cortical layer is stiffer than subplate, and 
explore factors up to 4. I think that many other studies have observed smaller differences in 
stiffness. I suggest that the authors acknowledge that the preponderance of evidence supports a 
factor of 1-2 between cortical and subcortical stiffness. 

Thank you to the reviewer for this constructive comment. The stiffness ratio of the cortex to white 
matter exhibits considerable variability depending on the experimental setup, loading conditions, 
and other factors. We agree that most evidence supports a stiffness ratio in the range of 1-2. 
Budday et al1. characterized the material properties of the cortex and white matter through 
simultaneous fitting into multiple loading cases, finding that the stiffness ratio of the cortex to the 
Corona Radiata and corpus callosum is approximately 1.8 and 3.18, respectively, assuming a 
neo-Hookean material behavior. Therefore, in our parametric study, we considered a stiffness 
ratio range from 1 to 4. In addition, we speculate that the stiffness ratio between the cortex and 
subplate/white matter in the fetal brain may be higher than in the mature brain, as the absence of 
myelination in the fetal brain could lead to an even softer subplate2. Larger stiffness ratios, such 
as 2 to 12, have also been used in parametric studies by Budday et al. 3, and even larger ratios 



by Budday et al4. However, we acknowledge that most experimental studies suggest a stiffness 
ratio between 1 and 25,6. To address this comment, we have revised the manuscript to emphasize 
that the preponderance of evidence supports a factor of 1-2 between cortical and subcortical 
stiffness. 

“We selected a stiffness ratio range of one to four for our parametric study, given that the stiffness 
ratio between the cortex and subplate (later white matter) in a folding brain may vary widely due 
to the changing material properties of brain tissue during folding7. However, the majority of 
experimental evidence supports a ratio of one to two between cortical and white matter stiffness 
in the mature brain1,5,6.”  

3. A recent paper describes the temporal evolution of tissue properties during the period of folding. 
Walter C, Balouchzadeh R, Garcia KE, Kroenke CD, Pathak A, Bayly PV. Multi-scale 
measurement of stiffness in the developing ferret brain. Sci Rep. 2023 Nov 23;13(1):20583. doi: 
10.1038/s41598-023-47900-4. PMID: 37996465; PMCID: PMC10667369. 

Thank you to the reviewer for recommending the relevant paper. It provided valuable insights that 
helped us justify our choice of a stiffness ratio range of 1 to 4 (Reference number 7).  

“We selected a stiffness ratio range of one to four for our parametric study, given that the stiffness 
ratio between the cortex and subplate in a folding brain may vary widely due to the changing 
material properties of brain tissue during folding7. However, the majority of experimental evidence 
supports a ratio of one to two between cortical and white matter stiffness in the mature brain1,5,6.”  

 
Reviewer #2 (Remarks to the Author): 

This computational study improves upon previous models of cortical folding and subcortical axon 
remodeling to illustrate how mechanical stresses resulting from cortical folding may serve a role 
in “axonal pathfinding”, defined via a combination of towed growth and axonal tip 
reorientation/migration. The latter is accomplished by implementation of novel modeling methods, 
which also provide compelling, intuitive illustrations of the process. However, authors fail to 
adequately cite past modeling work in places, as well as contextualize what model predictions are 
novel to the current study versus redundant with previous mechanics-based studies using 
alternative implementations of stress-dependent reorganization. For example, in the abstract 
authors state, “The results of the study, for the first time, demonstrate the potential mechanical 
mechanisms by which the density of axon bundles in gyri (ridges) is higher than in sulci (valleys), 
which is an observation derived from experiments and imaging data that has not been 
fundamentally explained before.” However, previous models implementing towed growth or 
passive axon have already demonstrated how either of these mechanisms can result in higher 
density of axon bundles in gyri than sulci.  

In light of past work, the impact of the current work is less than currently stated by authors. 
However, the current model does possess unique elements that are truly novel and interesting. 
Thus, the work is not suitable for publication in its current form, but I encourage authors to revise 
and resubmit their work after addressing the points below. 

We sincerely thank the reviewer for their thorough review, positive comments, and 
encouragement to resubmit the study. We appreciate the thoughtful insights provided, as they 
have significantly contributed to enhancing the quality of our study, and we apologize for any 



confusion or lack of clarity in conveying the uniqueness of our proposed method and its novel and 
significant findings. 

In response to the reviewer concerns, we have clarified in the abstract and throughout the 
manuscript which aspects of our findings are novel and how they differ from existing models. 
Specifically, we have emphasized the unique elements of our modeling approach, particularly the 
novel implementation of axonal reorientation, and provided a more balanced assessment of the 
study’s impact in light of past work. These revisions ensure that our contributions are accurately 
positioned within the broader context of existing research, and we hope they will address the 
reviewer’s concerns. 

Major concerns 

1. Authors should clarify what aspects of their model and analysis are novel, as opposed to 
extension or replication of previous work. Much of the method related to towed growth appear 
similar to Garcia et al. 2021, but are not cited as such. Use of previously reported theoretical 
frameworks, equations, parameter choices, as well as comparisons to human / animal models, 
should be clearly contextualized as such. 

Thank you to the reviewer for this constructive comment. The key novelty of our proposed model, 
as the reviewer later acknowledges, lies in the introduction and implementation of the concept of 
axonal reorientation, which is being explored for the first time. Additionally, this study uniquely 
models the dynamic growth of individual axon bundles, whose lengths are time-dependent and 
explicitly navigate within the extracellular matrix (ECM). Furthermore, the developed 
computational model presents a novel framework that enables the practical implementation of this 
concept. We acknowledge that stress-dependent growth of axons is a well-established concept 
in brain mechanics, as proposed and implemented in several studies8–10, predating Garcia et al. 
11. However, previous studies have modeled white matter as a continuum medium exhibiting 
stress-dependent growth behavior. In contrast, our study introduces an innovative approach by 
explicitly separating the white matter into growing axon bundles and the extracellular matrix 
(ECM). Our model accounts for the growth of axon bundles influenced by other biological 
mechanisms, such as molecular axon guidance factors12. This is represented as a stochastic tip 
growth mechanism, which has not been considered in previous studies. In the revised manuscript, 
we have thoroughly addressed this issue by clearly differentiating our proposed concept and its 
unique findings from previous studies. We have made specific revisions to highlight the novel 
aspects of our approach and to clarify how our study builds upon and extends existing research. 
Specifically, we have carefully contextualized our use of previously reported theoretical 
frameworks, equations, and parameter choices, ensuring that it is clear when we are building on 
established work and when we are introducing novel ideas. However, in the revised manuscript, 
we have avoided overusing terms like "novel," "new," and "first" throughout the text, in line with 
the guidelines for Nature formats. Instead, we have subtly emphasized the originality of our work 
and the significance of our findings. 

We have cited Garcia et al.11 multiple times throughout the manuscript, which is the most relevant 
study to our current work, discussed their results, and compared our findings with theirs. In the 
revised manuscript, we have addressed this issue by incorporating new discussions that 
specifically relate to previous studies, including Garcia et al.11 and a recently published work by 
Wang et al.13 (2024). 



 Introduction: “However, there is currently no model to explain how growing axon bundles 
navigate the stress field within the folding brain, or how the bidirectional, dynamic 
interaction between gyrification and connectivity shapes the resulting folding morphologies 
and connectivity patterns.” 

“In this study, we propose the concept of “axon reorientation” in the folding brain and 
formulate a mechanical model to uncover the multiscale mechanics of the linkages 
between cortical folding and connectivity development. This model is the first to simulate 
the growth and pathfinding of individual axon bundles within the dynamic stress landscape 
of a folding brain. In contrast to previous studies that focused on passive fibers9,13–15 or 
active continuum-based fibers11, our framework uniquely captures the intricate behavior 
of axon bundles, including stress-induced and stochastic growth, as well as the newly 
proposed reorientation response. The concept of “axon reorientation” in the folding brain 
originates from basic experiments demonstrating that neurites preferentially orient toward 
the direction of stretching16,17. We hypothesize that, in addition to stress-induced growth, 
axons reorient towards the direction of maximum principal tensile stress to establish 
stereotyped subcortical fiber patterns. Our simulations, incorporating this complex axon 
bundle growth and pathfinding, offer a more accurate representation than previous 
models, particularly in explaining why gyri have a higher axon density than sulci. These 
predictions are well-supported by in vivo diffusion tensor imaging of the human brain.” 
 

 Discussion: “Our findings are closely aligned with those of Garcia et al.11, demonstrating 
that an expansion-driven model of cortical folding generates subcortical stresses capable 
of explaining the anisotropy patterns observed in the developing white matter during brain 
folding. However, in their model, the subplate is treated as a continuum medium, with its 
reorganization and anisotropy solely driven by stress induced by cortical folding. This 
approach overlooks the impact of subplate development on the formation and positioning 
of cortical folds. Our findings suggest that the heterogeneity of white matter, resulting from 
the gradual growth of individual stiff fibers, influences the folding patterns and dictates the 
location of gyri and sulci, even if the fibers do not induce cortical folding. This leads to the 
formation of gyri in areas with dense fibers and sulci in regions with lower fiber density. The 
bidirectional and dynamic relationship between cortical gyrification and connectivity 
development, highlighted by our results, has not been fully explored in previous studies.” 

2. A novel aspect of the proposed is implementation of axon rotation to the primary stress 
direction, which results in interesting and compelling behavior. Authors claim that this addition 
accelerated/accentuated the accumulation of radial fibers in gyri. However, the accumulation of 
radial fibers within gyri has also been demonstrated in models without this feature. This includes 
(1) models of simple folding deformations in a substrate containing discrete axons (e.g., 
Chavodhnejad et al. 2021) as well as (2) models of towed growth that considered radial fiber 
density as part of a composite tissue definition (Garcia et al 2021). In the Introduction and 
Discussion, it would be useful and important to compare and contrast the current model, in light 
of these previous studies. 

Thank you to the reviewer for acknowledging the novelty of the work and raising a very critical 
and constructive comment. We fully agree with the reviewer that “previous models implementing 
towed growth or passive axons have already demonstrated how these mechanisms can result in 
higher density of axon bundles in gyri than in sulci.” However, previous studies, including our own 
work with discrete fibers (Chavoshnejad et al.15) and the continuum-based towed growth study by 
Garcia et al.11, have not explored the specific mechanisms that could explain the significant 
difference observed in the density of fibers between gyri and sulci in the real brain, such as in 



thalamocortical fiber tracts. Our previous model demonstrated that with passive fibers, even under 
optimal conditions, the fiber density in gyri and sulci is only around 60% and 40%, respectively, 
assuming the elimination of fold walls and redistribution of fibers between gyri and sulci.  

In fact, the motivation for this study stemmed from the absence of a mechanical model that 
explains the growth and navigation of explicit axon bundles in the folding brain. In the Introduction 
and Discussion sections, we have distinguished our model from previous studies, providing a 
detailed comparison (please see the response to the previous comment and associated 
revisions).    

 Discussion: “These results align with those reported by Holland et al.9 and Wang et al.13 
which confirm the important role of axonal fibers as both symmetry breaker and regulator 
of folding patterns. They showed that the inclusion of passive axon bundles can influence 
fold placement, and that altering the material properties of multiple axon tracts can 
significantly change folding patterns13. We have previously demonstrated that, in the 
context of strain energy minimization, a cortex on a substrate with predefined passive 
radial fibers tends to buckle, which results in a concentration of fibers in gyri rather than 
sulci15. However, in models with passive stiff fibers, even under optimal conditions, the 
fiber density in gyri and sulci remains only about 60% and 40%, respectively, assuming 
the removal of fold walls and the redistribution of fibers between gyri and sulci. Therefore, 
recent models with passive fibers9,13–15 or dynamic continuum-based fibers11 lack to 
realistically model the growth, navigation, and establishment of axonal connectivity.”   

3. An important limitation of the current model is the failure to implement or consider tangential 
fibers. Reasoning for omitting these fibers should be provided, and omission should be described 
in the discussion/limitations section. 

We sincerely thank the reviewer for highlighting this critical point. As noted in the manuscript, our 
current study primarily focuses on modeling the growth and reorientation of axon bundles that 
move radially from the core of the brain towards the cortical plate, specifically targeting radial 
fibers. These radial fibers are crucial for understanding the fundamental aspects of axon 
pathfinding in relation to cortical folding. However, as the reviewer has rightly pointed out, 
tangential fibers (short- and long-association fibers), also play a role in cortical organization and 
connectivity. These fibers differ in orientation and function from radial fibers, contributing to the 
complex architecture of the brain. 

Incorporating tangential fibers into our model is indeed feasible and would provide a more 
comprehensive representation of axonal growth and connectivity. However, the inclusion of these 
fibers would significantly increase the complexity of the model, potentially leading to challenges 
in extracting statistically meaningful conclusions. Our primary objective in this study is to replicate 
the growth of thalamocortical fiber tracts, which are predominantly radial in nature and navigate 
from the thalamus towards the cortical plate. The introduction of tangential fibers would 
necessitate a more intricate organization of fibers within the model, which could obscure the 
specific mechanisms underlying radial fiber growth and its interaction with the folding cortex.  

In response to the reviewer’s comment, we have expanded the discussion on this limitation in the 
revised manuscript, addressing it specifically in the Methods and Limitations sections. We also 
acknowledge that future extensions of our model could incorporate these additional fiber types to 
provide a more holistic understanding of axonal growth and cortical folding. Such extensions 



would benefit from the insights gained from our current focus on radial fibers, serving as a 
foundation for more complex models that include the full spectrum of axonal orientations. 

 Methods: The model is limited to vertically growing axon bundles (radial fibers) to 
replicate the growth patterns of axon bundles, such as thalamocortical fiber tracts, that 
extend from the core of the brain toward the cortical plate. However, the organization of 
white matter in the brain is far more complex, encompassing not only radial fibers but also 
tangential fibers (short- and long-association fibers). In this study since the primary 
objective is to replicate the growth of thalamocortical fiber tracts, which are predominantly 
radial in nature and navigate from the thalamus towards the cortical plate, we did not 
consider tangential fibers in the models to focus on the fibers that navigate towards the 
cortical plate and gradually experience the induced stress field as the result of cortical 
folding.  

 Limitations: In addition to radial fibers, tangential fibers (short- and long-association 
fibers), also play a role in cortical organization and connectivity13. These fibers differ in 
orientation and function from radial fibers, contributing to the complex architecture of the 
brain. The introduction of tangential fibers would necessitate a more intricate organization 
of fibers within the model, which could obscure the specific mechanisms underlying radial 
fiber growth and its interaction with the folding cortex. Therefore, tangential fibers were 
excluded from our models for simplicity, allowing us to focus on extracting meaningful 
statistical correlations between the parameters used. However, incorporating tangential 
fibers would provide a more comprehensive representation of axonal growth and 
connectivity. Extending our model to a true-scale representation that includes these 
additional fiber types will be the focus of our future research. 

4. Similarly, the current study relies on tractography-based comparisons to human data, which 
are notoriously biased to capture radial fibers in gyri. Authors should describe limitations related 
to tractography in the Discussion section. 

We thank the reviewer for raising this insightful comment. We acknowledge that tractography has 
inherent limitations, particularly its bias towards capturing radial fibers in gyri18. In the revised 
manuscript, we have added a discussion to address these limitations and clarify the potential 
impact on our findings. 

 Discussion: “However, it should be noted that while fiber tractography is a powerful tool 
for visualizing white matter pathways, it has well-known limitations, particularly in 
accurately capturing the complexity of fiber orientations. It tends to bias towards detecting 
radial fibers in gyri, which can be problematic in regions of the cerebral cortex with intricate 
folding and convolutions18. While our study used tractography-based data for model 
comparison, we recognize that this method may not fully represent the complex 
organization of axonal pathways. However, despite these limitations, recent integrated 
tractography and histological tract-tracing studies support its practical performance in 
estimating structural connectivity19–21.”  

5. All models of the current manuscript are limited to a 2D rectangular space that, while commonly 
applied in simple studies of brain folding, has important limitations. Most critically, fixed or 
symmetry constraints along the bottom edge and sides will lead to stresses that may not reflect – 
or will less realistically reflect – stresses in the developing brain. Authors are encouraged to 
explore the stress state in more realistic, even if still 2D, representations of the brain, such as 



circles/ellipses or even ellipsoids via axisymmetry. In either case, limitations of this framework 
should be discussed.  

We sincerely thank the reviewer for this critical comment. We fully agree that 2D model 
simulations have inherent limitations in capturing the complex 3D morphologies of the folding 
brain. We have discussed this limitation in the manuscript: “The 2D models in this study served 
as proof of concept, which offers simplicity in explaining the underlying mechanisms involved in 
the interplay of cortical folding and connectivity. However, given that cortical folding and 
connectivity development occur in the 3D space of brain development, 3D models can offer more 
accurate representations of this complex process. Therefore, future studies should consider 
utilizing 3D models, because they provide better opportunities to compare results, especially 
regarding the 3D convolution of folds with imaging data. This aspect will be investigated further in 
our future studies.” 

As mentioned in the previous paragraph, for our proof-of-concept study, we opted for a 2D model 
similar to other foundational studies such as those by Garcia et al.11, Toro et al.22, or Bayly et al.8. 
This approach offers a better opportunity to test our proposed hypothesis. We acknowledge the 
reviewer’s concern about boundary conditions potentially altering the stress and deformation 
fields, which could, in turn, affect the distribution of axon bundles. However, it is important to note 
that when investigating properties far from the boundary, the influence of boundary conditions can 
be minimized. For instance, in our model with a fixed boundary at the bottom, the stress field from 
cortical folding dissipates before reaching the boundary, and the model’s bottom layer thickness 
is sufficient to minimize boundary effects as axon bundles enter the stress field far from the bottom 
boundary. A similar principle applies to the side symmetric boundaries; when focusing on the 
system’s response away from these boundaries, the growing and navigating axon bundles exhibit 
consistent behavior. 

We sincerely appreciate the reviewer’s intriguing suggestion to explore extending the model to a 
circular geometry. A circular model not only mitigates side boundary effects but also more closely 
resembles the human brain’s structure, particularly with respect to radial fibers. We have taken 
this opportunity to develop a circular model using the same parameters as the rectangular model. 
The results, which we have included here and in the Supplementary Information of the revised 
manuscript, demonstrate similar observations to those in the rectangular model. We plan to 
extend this study to include 3D modeling in future research. We included the following explanation 
in the manuscript to reflect the observations we made using the circular models. 

“It should be noted that the model size was chosen to be sufficiently large relative to the 
wavelength of the folds to minimize the impact of boundary conditions (fixed boundary at the 
bottom and symmetric boundaries at the sides). However, to ensure that the observed results are 
not dependent on the selected model geometry, we also developed circular models with radial 
fibers using the same parameters as in the rectangular models. A sample result is presented in 
Fig. S2, where two circular models with different axon growth rates are compared. As shown, the 
growth and pathfinding of fibers and their settlement in gyri rather than sulci follow a similar trend 
to those in the rectangular model, confirming their independence from boundary effects.” 



 

 
Fig. S2. Dynamic growth and pathfinding of fibers within a growing and folding 2D circular system for two 
different growth rates (a) 0.6 𝑚𝑚/𝑑, and (b) 1.0 𝑚𝑚/𝑑. As shown, the fibers grow and orient more toward 
the gyri than the sulci, consistent with the behavior observed in the rectangular models. 

 

6. The current description of the white matter constitutive model is confusing. First, authors 
describe an inner subcortical core “primarily composed of neuronal axons,” then as a combination 
of axons and ECM. The terminology in Methods could be clarified. Notably, the developing 
subcortical tissue is not primarily composed of neuronal axons – rather, at early stages, the 
subcortical tissue is dominated by radial glial cells/scaffolds, extracellular matrix, and other cells. 
If the “white matter” tissue was indeed mostly axons, justify this choice and describe in Limitations. 

We thank the reviewer for this critical comment and apologize for any confusion regarding the 
material properties and structure of the subcortical, or more generally, the white matter region in 
our model. To address this, we have revised the terminology in the Methods section. 

We fully agree with the reviewer that the composition of the early-stage developing subplate 
differs from that of the later-developing white matter. However, distinguishing between these two 
domains and selecting only one as the substrate for cortical folding is not straightforward. The 
primary reason is that cortical folding occurs over several months, during which the subplate, with 
its radial glial cells, evolves into white matter containing growing and establishing axons. 
Therefore, the properties of the underlying layer of the cortical plate change over time. 

In our model, we primarily consider the growth of axon bundles from thalamocortical fiber tracts, 
as they begin to develop during the third trimester, coinciding with cortical folding. Please refer to 
Table S1 for the timeline of thalamocortical fiber tract growth and establishment. Consequently, 
in our model, we treat the growing fibers as axon bundles rather than radial glial cells. Despite 
this consideration, from a modeling perspective, we can treat axons and other structures, such 
as radial glial cells, all as fibers with distinct material properties compared to the ECM11. Garcia 



et al.11 also have used the term “axons and other processes, such as radial glial scaffolds”, without 
differentiating between these elements. It is also important to note that very little data is available 
regarding the mechanical behavior of radial glial cells, which are eventually eliminated as they 
differentiate into other cell types during cortical folding. In the absence of quantitative data 
characterizing these processes, making assumptions would be misleading. We justified our 
choice in the Methods section and discussed it in the Limitations section of the revised manuscript. 

 Methods: It should be noted that the properties of the layer underlying the cortical plate 
evolve over time, particularly during the cortical folding process, which spans several 
months. During this period, the subplate, initially composed of radial glial cells, transforms 
into white matter, which includes growing and establishing axons. Our model primarily 
focuses on the growth of axon bundles from thalamocortical fiber tracts, as they begin to 
develop during the third trimester, coinciding with the onset of cortical folding (Table S1). 
Therefore, in our model, we represent the growing fibers as axon bundles rather than 
radial glial cells. Nonetheless, from a modeling perspective, both axons and radial glial 
cells, can be treated as fibers, each possessing distinct material properties relative to the 
ECM11. 

 Limitations: In our model, we treated the growing fibers as axon bundles that extend and 
navigate through the ECM from the brain’s core toward the cortical plate, such as 
thalamocortical fiber tracts. However, it is important to acknowledge that the composition 
and mechanical properties of the layer underlying cortical plate undergo a dynamic and 
complex evolution during the process of cortical folding. In the early stages of brain 
development, the subplate evolves from a loosely structured layer of cell bodies, radial 
glial scaffolds, and neuronal processes into a more organized, axon-dense white matter 
tissue23. It is also important to note that very little data is available regarding the 
mechanical response of radial glial cells, which are eventually eliminated as they 
differentiate into other cell types during cortical folding, warranting further investigation. 

7. Perhaps related to the above point, authors describe growth of the white matter as “elastic” and 
isotropic. The description of growth as “elastic” is confusing to this reviewer – perhaps they meant 
inelastic? This is an important distinction. Also, is the “isotropic” growth separate from the axon 
elongation described elsewhere? How do these fit together? 

Thank you to the reviewer for this important observation. We acknowledge that the term "elastic" 
growth is confusing in the manuscript. We have revised the text to clarify this point. We also 
revised manuscript to distinguish between white matter and ECM. The isotropic growth is only is 
applied in the ECM part and tip and stress-induced growth are applied to axon bundles. However, 
at each iteration, the same isotropic growth is applied to both the ECM elements and the 
established axon elements. This isotropic growth helps to mitigate shear effects that might arise 
between the established, non-growing axon elements and the expanding ECM.  

 Methods: “The new tip point is generated at each iteration according to Eq. (27), and the 
ECM element containing this tip point is transformed into an axon element. This process is 
repeated until the final time step. Therefore, in the model and at any given time, each 
element can either be an axon element or an ECM element, but not both (Fig. 2(d)). 
Additionally, it should be noted that at each iteration, the same isotropic growth is applied 
to both the ECM elements and the established axon elements. This isotropic growth helps 



to mitigate shear effects that might arise between the established, non-growing axon 
elements and the expanding ECM.” 

8. Table 2 has some important inaccuracies. I encourage authors to double check these fields. 

Thank you to the reviewer for this valuable observation. We have addressed the concerns in 
Table 2 of the revised manuscript, and for your convenience, we have included the updated table 
below. 

 

Minor concerns: 

1. In introduction, authors state, “This hypothesis has been supported by recent experimental and 
computational studies,” and do cite several more recent studies (11,15–21). However, this 
hypothesis has a much longer history, and is supported by studies dating back at least 50 years. 
It would be good to cite these original papers. A review of these can be found in the current papers 
referenced. 

Thank you to the reviewer for this observation. We have cited the pioneering study on the concept 
of tangential differential growth (DTG) at its first mention, as the reviewer noted, dating back to 
1975. Subsequently, we have cited supporting recent studies. We apologize for any missing 
relevant citations and have revised the manuscript to include all pertinent references.  

Table 2. Parameter range for neurite elongation based on available literature 

Cell type 

Reported 

axon 

caliber 

Stretch-

dependent 

elongation rate 

Force-

dependent 

elongation rate 

Calculated 

stress-dependent 

elongation rate 

𝐃 (𝝁𝒎)  (𝒎𝒎 𝒅ି𝟏) 𝒃 (𝝁𝒎 𝒑𝑵ି𝟏 𝒉ି𝟏) 𝐚 (𝒎𝒎 𝑷𝒂ି𝟏 𝒅ି𝟏) 

Embryonic rat dorsal root 

ganglia24  
0.9 2.0 − 0.0004 −  0.02 ∗ 

P0-P1 murine hippocampal 

neurons25 
5.0 − 0.66 0.31 ∗∗ 

Embryonic chick forebrain 

neurons26 
1.0 − 0.05 –  0.5 0.001 − 0.01 ∗∗ 

Embryonic chick dorsal root 

ganglia27 
2.0 − 0.02 –  0.55 0.001 − 0.04 ∗∗ 

* In studies that measured stretch-dependent elongation rates, the stress-dependent elongation rate,  𝑎, was estimated using the 

relation 𝑎 = 𝐺௔௫௡/𝐸, following the approach of Garcia et al.11. The Young’s modulus of individual neurites, which varies between 

100 and 4600 Pa28,29 , provides a corresponding range for the stress-dependent elongation rate.  

** In studies that reported force-dependent elongation rate, the parameter 𝑎 was determined using the formula  𝑎 = 𝑏𝐴, where 𝐴 is 

the cross-sectional area of the neurite. 



“Different hypotheses and theories have been proposed to explain the underlying mechanisms of 
cortical folding (see the review by Arellano and Rakic)30.” 

“This hypothesis has been supported by past studies and recent experimental and computational 
investigations4,8,14,31–40.” 

2. On page 2, a reference is needed for the statement, “This aligns with the observation that gyri 
consist of a greater number of neurons compared to sulci.” 

We thank the reviewer for this comment. We added a reference for the statement.  

“This aligns with the observation that gyri consist of a greater number of neurons compared to 
sulci41.” 

3. On page 3, the statement, “This hypothesis has been recently updated 10” is unclear, as it 
implies that the hypothesis of axon elongation in response to folding has been updated. 

We thank the reviewer for this comment. We have revised the manuscript to clarify any confusion 
and have ensured accuracy by adopting the terminology used by Van Essen in his paper42.  

“A recent revision of the tension-based morphogenesis model has been introduced to address 
the limitations of the original model42.” 

4. On page 4, the statement, “The intricate interplay between growing axonal fiber bundles and 
stress-strain fields and the mechanisms that underlie the observed greater fiber density in gyri 
compared to sulci lacks clarity,” is redundant and perhaps overstated. I would recommend 
omitting this sentence. 

We thank the reviewer for this comment. We removed the sentence.  

5. On page 5, the statement, “Table S1 indicates that the major part of cortical folding and 
connectivity development of the thalamocortical fiber tracts occur concurrently,” could be omitted 
and instead Table S1 referenced in parentheses at the end of the previous sentence. 

We thank the reviewer for this comment. We addressed the comment in the revised manuscript.   

6. On page 6, the statement, “The imaging data indicate that cortical thickness undergoes 
changes during the early developmental stage,” should include a reference. 

We thank the reviewer for this comment. We added a reference to support the statement.  

“The imaging data indicate that cortical thickness undergoes changes during the early 
developmental stage43.” 

7. Fig. 2 panel a seems to suggest that direction changes will happen at the neuronal cell body. 
However, biologically I would imagine the cell body as the anchor point, and the other end as the 
axon tip as the point being guided by stress. Perhaps authors can clarify their intention with this 
figure and consider an alternative illustration. 

We appreciate the reviewer pointing out this issue. As noted, axons extend and navigate with 
directional guidance from their growth cones. We have corrected this in the revised Figure 2, 
which is provided here for reference. 



 

8. On page 13, isotopically should be isotropically.  

We thank the reviewer for catching the typo. We addressed the comment.  

9. The statement, “The effect of boundary conditions was eliminated by increasing the width of 
the model to 𝑤 = 60 𝑚𝑚” should be adjusted, as increasing the width of the model does not 
eliminate the effect of boundary conditions completely. I suspect authors mean that this would 
eliminate one or more specific effects related to model width when the domain is smaller. 

We thank the reviewer for this comment. We revised the text to clarify that as the width of the 
model increases, the effects of the boundaries on regions far from them become negligible. We 
have elaborated on this issue further in response to comment #5. As shown in Fig. S2, both the 
rectangular model with symmetric boundaries and the circular model exhibit similar behavior.  

“The model width was chosen to be 𝑤 = 60 𝑚𝑚, which is sufficiently large relative to the 
wavelength of the folds15. This selection minimizes the influence of symmetric boundary effects 
on the folding patterns and the stress field induced by the folding process on regions far from the 
boundaries.”  



10. On page 18, “This observation aligns with previous studies on stresses within the developing 
brain” appears to have the wrong reference. Please check all in text citations throughout the 
manuscript. 

We appreciate the reviewer for identifying this important issue. It appears that our referencing 
software inadvertently made some unintended changes to the references. We apologize for any 
inconvenience caused. We have corrected the references and thoroughly reviewed them to 
ensure proper citation. 

11. The statement, “This equates to a sixfold increase in cortical surface area over a complete 
simulation period of 50 gestational days 37.” appears to have the wrong reference. Please check 
all in text citations throughout the manuscript. 

Again, we apologize for any inconvenience caused. We have corrected the references and 
thoroughly reviewed them to ensure proper citation. 

 
Reviewer #3 (Remarks to the Author): 

This work introduces a multi-scale model for axonal growth that investigates its link to cortical 
folding. In a bilayer model with growing cortex and sub-cortex, the growing axons are 
hypothesized to reorient themselves along the direction of the maximum tensile principle stress 
in the white matter, which can be different from the initial direction of growth. Various parametric 
studies reproduce experimental observations (higher density of axonal fibers under gyri than sulci) 
and indicate potential inverse correlations between gyrification index and cortex:substrate 
stiffness ratio. Studies also indicate an inverse relationship between growth rate of axons to the 
gyrification index, further indicating that if the equivalent stiffness of the white matter (tissue + 
axon) increases, gyrification decreases. The paper makes important observations, but needs 
further improvement in the manuscript before publication.  

We sincerely thank the reviewer for their positive feedback, thoughtful summary of our work, and 
constructive comments, which helped us further improve the manuscript. 

Major concerns: 

1. There is confusion on how the axon is modeled in the FE simulations. Can each element in the 
subcortex be both an axon and white matter? Fig 2 and Fig 7c suggest that an element can either 
be an axon OR white matter, not both. Later on, simulations account for equivalent stiffness. 
Further, the visualization of how an axon grows seems to indicate that axon is smoothly 
reorienting itself, which suggests that an element can be both. Can the authors clarify this? 

Thank you to the reviewer for this critical comment. We apologize for any confusion. 

In our model, each element can either be a fiber element (with stiffer behavior) or an ECM element 
(with a softer response) not both. Initially (at T=0), all elements are ECM elements with lower 
stiffness. As the simulation progresses, fibers are initiated randomly within the ECM elements. 
These ECM elements then transform into fiber elements, which have higher stiffness. In 
subsequent iterations, stress-dependent growth and tip growth are applied to the axon elements 
to predict their paths. The predicted paths then cause further transformation of ECM elements 
into fiber elements, continuing until the final time step. Thus, at any given time, an element can 
only be one type, either fiber or ECM. We modeled the white matter as two separate components: 



fibers and ECM. However, we used a unified finite element model to represent the interaction 
between these domains, mirroring real brain dynamics. The transformation process is illustrated 
in Movies 2 and 3, which show fibers navigating by converting ECM elements (blue) into fiber 
elements (red). Figure 7(c) also demonstrates that elements are either fibers or ECM, not both. 
Initially, all elements are ECM (volume fraction of 1), but as time progresses, some ECM elements 
transform into fibers, reducing the ECM volume fraction and increasing the fiber volume fraction. 
The total volume fraction of fibers and ECM always sums to 1. We revised the manuscript to 
clarify this.  

“The new tip point is generated at each iteration according to Eq. (27), and the ECM element 
containing this tip point is transformed into an axon element. This process is repeated until the 
final time step. Therefore, in the model and at any given time, each element can either be an axon 
element or an ECM element, but not both (Fig. 2(d)). Additionally, it should be noted that at each 
iteration, the same isotropic growth is applied to both the ECM elements and the established axon 
elements. This isotropic growth helps to mitigate shear effects that might arise between the 
established, non-growing axon elements and the expanding ECM.” 

We defined “equivalent stiffness” to indicate the proportion of the bottom layer of the model 
occupied by stiff fiber elements versus softer ECM elements. Therefore, the concept of 
“equivalent stiffness” applies to the entire bottom layer, encompassing both stiff fiber elements 
and soft ECM elements, rather than to individual elements. This concept has been clarified in the 
revised manuscript. Additionally, we have prepared an exciting new figure (Fig. 7(b)) that illustrate 
how the initiation and growth of fibers create a dynamic, heterogeneous stiffness map in the white 
matter region.   

“In the 2D scenario, the fiber volume fraction is determined by the ratio of the surface area 
occupied by fiber elements within a specified region to the total surface area of that region. Local 
stiffness ratio is defined as the fiber volume fraction within a 1 𝑚𝑚 radius circle centered around 

each material integration point, plus one, as given by 𝑉௙ ቀ
ఓ೑

ఓೞ
ቁ + 𝑉ா஼ெ ቀ

ఓೞ

ఓೞ
ቁ = 𝑉௙ + 1 for models with 

ఓ೑

ఓೞ
= 2. Equivalent stiffness ratio is defined as 𝑉௙ ቀ

ఓ೑

ఓೞ
ቁ + 𝑉ா஼ெ ቀ

ఓೞ

ఓೞ
ቁ across the entire white mater 

region, updated at each simulation timestep. Fig. 7(a) depicts models with varying fiber counts, 
ranging from 100 to 400, while Fig. 7(b) illustrates the local stiffness ratio map of the model’s 
white matter region, resulting from the initiation, growth, and establishment of these fibers. As the 
volume fraction of stiff fibers increases, the local and overall stiffness of the bottom layer 
increases, resulting in a heterogeneous stiffness map. This behavior mirrors the stiffness map 
characteristics of white matter tissue as predicted by magnetic resonance elastography (MRE) 
studies44. Figures 7(c) and (d) illustrate the dynamic changes in fiber volume fraction and, 
consequently, the equivalent stiffness of the white matter region. Over time, both the fiber volume 
fraction and the equivalent stiffness increase and stabilize once the fibers reach the cortical plate 
and new fiber generation ceases. The increased stiffness in the white matter region leads to a 
reduction in cortical gyrification and a lower GI (Fig. 7(e)).” 



 

Fig. 7 (a) Effect of number of fibers on cortical folding and fiber organization. The parameters used are as 
follows: 𝐺௔௫௡ = 0.8 𝑚𝑚/𝑑, 𝜇௙/𝜇௦ = 2, 𝜇௖/𝜇௦ = 2, 𝑎 = 0.015 𝑚𝑚 𝑃𝑎ିଵ 𝑑ିଵ. (b) Effect of fiber volume fraction 
on local stiffness ratio. (c) Change in overall volume fraction of fibers (𝑉௙) and ECM (𝑉ா஼ெ) as a function of 
time for the case with 400 fibers. Fiber volume fraction starts from zero and gradually increases, while the 
volume fraction of ECM decreases. The total volume fraction of fibers and ECM always sums to 1. (d) 
Change in the equivalent stiffness ratio of the white matter as a function of time. (e) Dependency of the GI 
to the number of fibers in the white matter region. p-values are displayed on the figure, where a significance 
level of 0.05 is considered.   

 

To enhance the clarity of the figures, we developed a MATLAB code that traces each fiber path, 
originally composed of discrete elements, and replaces it with a spline curve. This approach 
provides a clearer depiction of the fibers’ navigation and reorientation paths. However, in the 
provided movies (e.g., Movies 2 and 3), which show the finite element models without 
modifications, the fiber paths are represented as growing chains of discrete segments. This 
clarification has also been included in the revised manuscript. 

“Movies 2 and 3 illustrate the dynamic growth and pathfinding of fibers at two distinct axon growth 
rates. In the movies, which show the finite element models without modifications (no fitting 
splines), the fiber paths are represented as chains of discrete segments.” 

2. The equations for reorientation (20-23) as well as the algorithm provided suggest that the 
process is deterministic. Yet, later on in the text, there is mention of gaussian noise (with zero 
mean) added. This should be clarified in both the text and the equations. 

Thank you to the reviewer for this critical comment. In our model, the pathfinding of fibers involves 
two components: one deterministic, related to stress-dependent growth, and the other stochastic, 



associated with tip growth. The deterministic part represents the axons’ response to mechanical 
forces, while the stochastic part reflects their response to other stimuli, such as biochemical cues, 
which have a random nature45–47. We included this stochastic component to avoid the biased 
conclusion that axon navigation and pathfinding are driven solely by mechanical forces. 
Numerous studies have shown that axons, when provided with nutrients or exposed to 
biochemical cues, can grow and even exhibit directed growth. Our model aims to replicate real 
conditions where axonal growth results from both deterministic and stochastic mechanisms. We 
have clarified this in the revised manuscript.  

“Additionally, we introduced centered Gaussian noise into 𝒏𝒌
𝑨 to account for the stochastic nature 

of the axon growth direction, which will be discussed further later. 

 𝒏𝒌
𝑨 = cos(θ + ϵ) 𝒊 + sin(𝜃 + 𝜖) 𝒋 (20) 

where θ is the angle between 𝒏𝒌
𝑨 and the x-axis, and ϵ represents the Gaussian noise.” 

“To account for the inherent randomness of axon growth, we introduced Gaussian noise (Eq. (20)) 
into the preferred direction, enabling stochastic variations. This randomness in the growth 
direction is applied to the tip growth of the axon bundle, which is further discussed in the next 
section. Consequently, in the absence of a stress field, or when the maximum principal stress is 
compressive, the axon bundle grows randomly. However, in the presence of a stress field, the 
axon bundle gradually aligns with the direction of the maximum tensile principal stresses.”  

3. Related, in Fig. 11 and in the relevant section, 'Without Reorientation' really means that the 
reorientation is not stress-driven (rather due to the small gaussian noise at each step). If this is 
the case, the terminology should be clarified. 

Thank you to the reviewer for bringing this to our attention. We acknowledge that the term “Without 
Reorientation” may have caused confusion, as axons can reorient even in the absence of 
mechanical forces. In the revised manuscript, we have changed the terms “With Reorientation” 
and “Without Reorientation” to “With Stress-Dependent Reorientation” and “Without Stress-
Dependent Reorientation' to clarify this distinction.” 

4. The method/equation for calculating gyrification index is missing; it is also important to carefully 
define how the convex hull is found. 

Thank you to the reviewer for this constructive comment. In the revised manuscript, we have 
included the definition and equation for calculating the “gyrification index”. Additionally, we added 
a schematic figure to visually illustrate the concept of the gyrification index, which we have copied 
here for your reference. Furthermore, we have also detailed the method used to calculate the 
convex hull. 

“The GI is defined as the ratio of the total length of the cortical contour (represented by the solid 
line in Fig. 6(c)) to the length of the convex hull (shown by the dashed line in Fig. 6(c)). This ratio 
indicates the extent of gyrification and surface complexity. The convex hull is determined by fitting 
a smoothed, curved line that minimally encloses the outermost points of the cortical surface.” 



 

Fig. 6 (a) Effect of stiffness ratio of axon to white matter ECM (𝜇௙/𝜇௦) on cortical folding and fiber 
organization. Ratio 1 indicates that there is no difference between the material properties of axons and 
ECM, which creates an isotropic substrate for the folding of the cortex. All other parameters remained 
constant for all scenarios (𝐺௔௫௡ = 0.8 𝑚𝑚/𝑑, 𝜇௖/𝜇௦ = 2, 𝑎 = 0.015 𝑚𝑚 𝑃𝑎ିଵ 𝑑ିଵ). (b) Fiber density within 
gyri with respect to the various stiffness ratios (𝜇௙/𝜇௦). Changing the stiffness ratio significantly affects the 
fiber density in gyri and sulci. p-values for significance levels are shown in the graph. (c) Effect of the axon’s 
material properties on the gyrification index (GI) of the formed folds. 

5. The paper would be much clearer with a table of the values/ranges of all the parameters used 
in the simulations. 

Thank you to the reviewer for this helpful comment. In the revised manuscript, we have added a 
table that lists all the parameters used in the simulations, along with their corresponding values 
and ranges. For your convenience, we have copied it here for your reference.  

 

 

 



 

6. Code and data should be shared via Github (only data is mentioned, and has not yet been 
shared). 
Thank you to the reviewer for this comment. We included the associated codes with the initial 
submission, but we apologize for any confusion regarding the availability of data and codes. We 
have revised the “Data Availability” section as follows: The codes and data supporting the findings 
of this study are available on the research group’s GitHub account.  

“Data availability 

The codes and data supporting the findings of this study are available on the research group’s 
GitHub account (https://github.com/MechanicsofSoftBioMaterialsLab/Axonal-PathFinding).” 
 

Minor concerns: 

Thank you for your detailed review and thoughtful minor comments. We have addressed all of 
them in the revised manuscript, ensuring clarity and accuracy throughout. We appreciate your 
careful consideration and believe these revisions have strengthened the overall quality of the 
paper. 

1. P22: " In Fig. 6(a), a stiffness ratio of 1, which creates an isotropic substrate for folding of the 
cortex, has no effect on the morphology of cortical folds." This should be reworded; the stiffness 
ratio does affect the morphology, but the axons don't.  

Addressed: “In Fig. 6(a), a stiffness ratio of 1, which creates an isotropic substrate for folding of 
the cortex, fibers have no effect on the morphology of cortical folds.” 

2. There are several notation issues that the authors need to pay attention to: 
2.1 The notation for derivative w.r.t time (D_t vs dot{\theta} vs \partial{D}/\partial{t}). Addressed.  

2.2 The normals defined in the algorithm and in equations 15-19 are going to be updated at each 
time step 'k', hence each of them require a subscript 'k'. Addressed. 

2.3 Likewise with the variables omega and R (eq. 20). Addressed. 

2.4 The basis vectors e_x and e_y on pg 13 (top) should be defined. Addressed. 

2.5 Units should be consistently used, e.g. day or d but not both. Addressed. 

Table 3.  Parameters and their values used in the simulations 

Parameter 

Cortical 

thickness 

Axon 

growth rate 

Stiffness 

ratio of the 

cortex to 

the ECM 

Stiffness 

ratio of 

fibers to 

the ECM 

stress-

dependent 

axon 

elongation rate 

Standard 

deviation of 

the growth 

angle (Noise)  

(𝒎𝒎)  (𝒎𝒎 𝒅ି𝟏) (𝝁𝒄/𝝁𝒔) (𝝁𝒇/𝝁𝒔) 𝐚 (𝒎𝒎 𝑷𝒂ି𝟏 𝒅ି𝟏) (𝒓𝒂𝒅) 

Values 1.5 
0.6, 0.8, 1.0, 

1.2 
1, 2, 3, 4 1, 2, 4, 5 0.015 0.025 − 0.125  



2.6 The caption of Fig 7 uses the 'x' symbol which in the text implies the cross product. Addressed. 

2.7 If the authors mean that higher order tensors are in bold and scalars are in unbold, then the 
variables epsilon and omega in eq 20 should be in bold. Addressed. 

3. There are several typos as well that need to be corrected: 

3.1 Section number 2.1 is used twice. The proceeding sections should also be renumbered. 
Addressed. 

3.2 On pg 26, there is a line break that divides a sentence into two paragraphs. Addressed. 

3.3 The thickness of the cortex t_c is shown as 1.5 m, which should likely be millimeters. 
Addressed. 

3.4 reference #9 should be Van Essen, not Essen.  

Thank you to the reviewer for bringing this to our attention. We used referencing software to 
automatically add the citations, but unfortunately, the issue was with the source of the citation. 
We have corrected this in the revised manuscript and thoroughly checked all the references to 
ensure accuracy. 

3.5 In the first sentence of the introduction, I believe you are referring to neural tubes, not neuronal 
tubes.  

Thank you to the reviewer for bringing this to our attention. We corrected the term in the revised 
manuscript.  

4. Red-green color scales should be avoided due to issues for colorblind individuals.  

Thank you to the reviewer for bringing this to our attention. We revised Figures 1, 3, and 11 to 
address the comments.  

 

 

Figure 1, revised. The images were generated using the open-access tool FEDI  
(https://github.com/IntelligentImaging/FEDI) and shared longitudinal fetal brain scans provided 
by Boston Children’s Hospital under a data transfer agreement [Motion-robust super-resolution 
diffusion weighted MRI of early brain development] with Binghamton University. 
 



 

 

 

Figure 3, revised. The MRI and diffusion MRI images shown in this figure were obtained from 

 the publicly available Q1 release of the WUMinn Human Connectome Project (HCP) database  

(https://humanconnectome.org/) 

Figure 11, revised. The MRI and diffusion MRI images shown in this figure were obtained from the pub
licly available Q1 release of the WUMinn Human Connectome Project (HCP) database  
(https://humanconnectome.org/) 



Reviewer #3 (Remarks on code availability): 

No code was included. The manuscript mentions that the data will be available from their github 
page, but there's actually no mention of sharing the code even after publication. 

Thank you to the reviewer for this comment. In the initial submission, we included sample codes, 
but it seems they were not accessible to the reviewers. To ensure that the codes and data are 
available to other researchers, we have now uploaded them to the research group’s GitHub 
account. We have also updated the “Data Availability” section to inform readers that the codes 
and supporting data are now accessible through the research group’s GitHub account. 

“The codes and data supporting the findings of this study are available on the research group’s 
GitHub account. (https://github.com/MechanicsofSoftBioMaterialsLab/Axonal-PathFinding)” 

 
Reviewer #4 (Remarks to the Author): 

This manuscript investigated the interplay between cortical folding and brain connectivity 
development through a proposed mechanical model. The authors explored how growing axon 
bundles navigate within a dynamic stress field influenced by the folding cortex. There are several 
key findings, including the mechanical stress influence on axonal growth, the bidirectional 
relationship between the biophysical properties of axons and cortex patterns, and how axonal 
growth alters the material properties of white matter. The manuscript showed the critical role of 
mechanics in early brain development and suggests that understanding these interactions could 
provide insights into brain disorders characterized by abnormal folding and connectivity. However, 
the proposed model seems to be rough and confusing. 

We sincerely thank the reviewer for their positive comments and for providing a concise and 
thoughtful summary of our work. We apologize for any confusion or lack of clarity in our 
presentation of the proposed model and its novel, significant findings. To enhance clarity, we have 
revised the Methods section and other relevant parts of the manuscript, with changes highlighted 
for your review. Additionally, we have thoroughly addressed feedback from all the reviewers, 
incorporating new figures and explanations to improve clarity. We hope these revisions have 
effectively resolved any remaining ambiguities and strengthened the overall presentation and 
impact of our study.  

1. Although the introduction included an extensive literature review, it is still difficult to identify the 
novelty of this work. 

Thank you to the reviewer for this critical comment. We apologize for the lack of clarity. In the 
revised manuscript, we have made a concerted effort to clearly distinguish the novelty and 
significance of this study from previous work. Below are paragraphs from the revised manuscript 
that highlight these distinctions for your reference. 

 Abstract: “Understanding the mechanics underlying the connections between cortical 
folding and the development of brain connectivity is crucial, especially given that many 
brain disorders exhibit abnormal folding patterns and disrupted connectivity. Despite the 
importance of this relationship, existing models fail to explain how growing axon bundles 
navigate the stress field within a folding brain, or how this bidirectional and dynamic 
interaction shapes the resulting surface morphologies and connectivity patterns. Here, we 
propose the concept of “axon reorientation” in the folding brain and formulate a mechanical 



model to uncover the dynamic multiscale mechanics of the linkages between cortical 
folding and connectivity development. Simulations incorporating axon bundle reorientation 
and stress-induced growth reveal the potential mechanical mechanisms that lead to higher 
axon bundle density in gyri (ridges) compared to sulci (valleys), offering a more accurate 
representation than previous models. In particular, the degree of gyrification is shown to 
correlate strongly with the density, growth rate, and mechanical properties of underlying 
axon bundles. Model predictions are supported by in vivo diffusion tensor imaging of the 
human brain. Our findings suggest that mechanics play a far more significant role in the 
healthy development of cortical folds and connectivity than previously recognized.” 

 Introduction: “However, there is currently no model to explain how growing axon bundles 
navigate the stress field within the folding brain, or how the bidirectional, dynamic 
interaction between gyrification and connectivity shapes the resulting folding morphologies 
and connectivity patterns.” 

“In this study, we propose the concept of “axon reorientation” in the folding brain and 
formulate a mechanical model to uncover the multiscale mechanics of the linkages 
between cortical folding and connectivity development. This model is the first to simulate 
the growth and pathfinding of individual axon bundles within the dynamic stress landscape 
of a folding brain. In contrast to previous studies that focused on passive fibers9,13–15 or 
active continuum-based fibers11, our framework uniquely captures the intricate behavior of 
axon bundles, including stress-induced and stochastic growth, as well as the newly 
proposed reorientation response. The concept of “axon reorientation” in the folding brain 
originates from basic experiments demonstrating that neurites preferentially orient toward 
the direction of stretching16,17. We hypothesize that, in addition to stress-induced growth, 
axons reorient towards the direction of maximum principal tensile stress to establish 
stereotyped subcortical fiber patterns. Our simulations, incorporating this complex axon 
bundle growth and pathfinding, offer a more accurate representation than previous models, 
particularly in explaining why gyri have a higher axon density than sulci.” 

2. In Eq. (24), the authors provided a growth rate of the axon which add a fixed growth rate G^axn 
to the traditional stress-dependent growth rate. However, this makes no sense. In fact, after 
adding the growth rate G^axn, the desired target (homeostatic) stress sigma0 becomes sigma0 - 
G^axn / a. The authors set sigma0 = 0 and G^axn > 0, which corresponds to a negative 
homeostatic stress. Therefore, the growth rate Eq. (24) is inconsistent with the experimental 
investigations [Refs. 66-68]. 

Thank you to the reviewer for this insightful comment. The axonal growth rate proposed in our 

study [ 
డீ

డ௧
= 𝑎(𝜎 − 𝜎଴) + 𝐺௔௫௡] models axon extension as a combination of intrinsic and extrinsic 

factors. The term 𝐺௔௫௡ represents the intrinsic growth rate of the axon, reflecting its inherent ability 
to extend independent of external forces48. This term captures baseline growth behavior, which 
varies widely according to different reports. The extrinsic component, 𝑎(𝜎 − 𝜎଴), accounts for 
stress-dependent growth, where 𝜎 is the local stress experienced by the axon from the 
surrounding extracellular matrix, and 𝜎଴ is the homeostatic stress. The constant 𝑎 modulates the 
sensitivity of the axon to these external forces. When 𝜎 exceeds 𝜎଴, positive stress stimulates 
faster axonal extension, while in the absence of stress, the axon relies solely on its intrinsic 
growth. As illustrated in the figure below from Chang et al.16 neurites in a non-stretching field 
exhibit intrinsic growth but significantly increase their growth rate when subjected to tension, 
gradually orienting toward the applied force. Our model aims to replicate this behavior. 



In our model, 𝜎଴ was set to zero for simplicity, assuming the baseline growth rate is independent 
of initial stress, which is consistent with references11,25,49. This does not imply that the actual 
biological homeostatic stress is negative. Rather, it reflects a baseline state where the axon grows 
at rate 𝐺௔௫௡ in the absence of external stress (i.e., 𝜎 = 0). Our focus is on how external tensile 
forces from the ECM can accelerate axon growth and affect the pathfinding process. Notably, 
only tensile stress is considered in our model to affect both the growth rate and direction of 
growing axons. As stated in the manuscript, negative stress does not influence the length or 
orientation of growing axon bundles. 

We fully agree with the reviewer that, with the current formulation, if an axon grows with a constant 
rate 𝐺௔௫௡, theoretically, negative stress would be needed to bring the total growth rate to zero. 
However, as explained, our growth model is designed to account for both intrinsic growth in the 
absence of external forces and extrinsic growth under tensile forces, consistent with experimental 
observations16,25,26, rather than exploring the effect of compressive stress on growing axons. 

 

 

 

 

 
The optical microscope images of NSCs grew on non-stretching and stretching groups I, II and III, 
respectively. Neurite outgrowth and axon elongation were observed in different conditions for 1, 3, and 7 
days. This figure has been adopted from Change et al.16 and presented here, to show that neurites grow 
even in the absence of external forces, and increase their growth rate when subjected to tensile forces and 
change their direction towards the applied force direction.   

3. Many of the parameters used in the simulations in the study were not real data from the brains, 
but used some experimental data of other tissues. It is impossible to estimate whether these 
influenced the results. 

Thank you to the reviewer for this critical comment. We fully agree that the parameters used in 
our model, along with their values or ranges, have not been calibrated from in vivo observations, 
and therefore, they may differ from the actual values in the developing brain. However, it should 
be noted that characterizing these parameters in a growing brain with developing axonal fibers 
and folding tissue poses significant challenges, if not making it nearly impossible. Consequently, 



most brain folding models, including ours, rely on parameters derived from in vitro tissue 
experiments, which themselves may differ from in vivo properties. 

To address this limitation, researchers in brain folding models typically conduct parametric 
analyses to study the impact of specific parameters on folding morphology or the correlation 
between gyrification and connectivity. A relevant example is the study by Garcia et al.11 published 
in Nature Communications, which, similar to our study, used parameter values and ranges from 
various sources that were not exclusively derived for the study. Predictive models like ours are 
abundant in the literature, using parametric modeling to explore parameters that can exhibit a 
broad range of variations in reality, such as cortical growth rates, axonal growth rates with and 
without axial forces, and the stiffness of axons, cortex, and white matter. The following studies 
have also employed this approach 

1. Bayly, P. V., R. J. Okamoto, G. Xu, Y. Shi, and L. A. Taber. "A cortical folding model incorporating 
stress-dependent growth explains gyral wavelengths and stress patterns in the developing 
brain." Physical biology 10, no. 1 (2013): 016005. 

2. Tallinen, Tuomas, Jun Young Chung, François Rousseau, Nadine Girard, Julien Lefèvre, and 
Lakshminarayanan Mahadevan. "On the growth and form of cortical convolutions." Nature 
Physics 12, no. 6 (2016): 588-593. 

3. Balouchzadeh, Ramin, Philip V. Bayly, and Kara E. Garcia. "Effects of stress-dependent growth on 
evolution of sulcal direction and curvature in models of cortical folding." Brain Multiphysics 4 (2023): 
100065. 

4. Budday, Silvia, Paul Steinmann, and Ellen Kuhl. "The role of mechanics during brain 
development." Journal of the Mechanics and Physics of Solids 72 (2014): 75-92. 

5. Budday, Silvia, Charles Raybaud, and Ellen Kuhl. "A mechanical model predicts morphological 
abnormalities in the developing human brain." Scientific reports 4, no. 1 (2014): 5644. 

6. Budday, Silvia, Paul Steinmann, and Ellen Kuhl. "Secondary instabilities modulate cortical 
complexity in the mammalian brain." Philosophical Magazine 95, no. 28-30 (2015): 3244-3256. 

7. Wang, Xincheng, Shuolun Wang, and Maria A. Holland. "Axonal tension contributes to consistent 
fold placement." Soft Matter 20, no. 14 (2024): 3053-3065. 

 

Therefore, in the Limitations section, we have explicitly stated that: “The main limitation of this 
study might be the utilization of parameter magnitudes that have been extracted from various 
sources, which may not be directly applicable to the context of cortical folding, because many 
were obtained from basic experiments. However, we attempted to address this limitation by 
conducting parametric studies aimed at quantifying the sensitivity of the observations to the 
parameters used.” 

Taking the reviewer’s insightful comment into consideration, we have revised the manuscript to 
better emphasize the predictive nature of the models and their results. We have carefully modified 
the writing to clarify that the primary aim of our models is to offer a predictive framework rather 
than to draw definitive conclusions. This approach aligns with the inherent uncertainties and 
complexities of modeling brain development and acknowledges the variability of parameters that 
are not fully characterized in vivo. We believe these revisions will better convey the purpose and 
limitations of our study. 

“It is important to note that all results and findings are derived from predictive models. These 
models suggest potential mechanisms that may apply to the developing brain, rather than 



describing the exact process in the human brain. The terminology used for model constituents 
and parameters is aligned with that of the human brain solely to establish an analogy.” 

4. The study simulated the interaction between cortical folding and axonal development in the 
developing brain, which displays clear 3D features. However, the proposed model was simplified 
to a 2D geometry. 

Thank you to the reviewer for this critical comment. We fully agree with the reviewer that 3D 
models offer a more accurate representation of brain growth and folding. However, for proof-of-
concept studies, 2D models are often employed because they provide the necessary simplicity to 
focus on the key parameters within the models. This approach is widely used in the field of the 
mechanics of brain folding, where 2D models are favored for fundamental studies, while 3D 
models are reserved for capturing the complete complexity of brain folding. Below are a few 
examples of seminal fundamental studies that have effectively used 2D domains or axisymmetric 
2D models:  

 

         

       Bayly et al.8 (2013)                                                  Toro and Burnod22 (2005) 

 

 

      

       Budday et al.52 (2014)                                           Holland et al.9 (2015) 



 

Garcia et al.11 (2021) 

In the current study, we selected a 2D domain to propose our new theory and demonstrate its 
proof of concept. However, we have previously developed 3D models to study brain growth and 
folding, including the integration of passive fibers. The following image represents an example of 
one such 3D model. While 3D models are valuable for detailed simulations, they are less suited 
for theory development due to their complexity and the numerous parameters involved, compared 
to the more streamlined 2D models. 

 

Chavoshnejad et al.14 (2023) 

To support our point, we include the following quote from Reviewer #1: “The model exhibits a nice 
balance between simplicity and complexity. The spatial domain is only 2D, and the properties are 
consistent throughout cortical and subcortical regions. This simplicity clarifies the roles of the 
factors that are includes: stress-dependent growth, axon re-orientation, and the separation of 
subplate into axons and “extracellular matrix” (ECM).” 

To ensure the reader understands the rationale behind selecting a 2D model and the associated 
limitations, we have explicitly discussed this in the Limitations section of the study: “The 2D 
models in this study served as proof of concept, which offers simplicity in explaining the underlying 
mechanisms involved in the interplay of cortical folding and connectivity. However, given that 



cortical folding and connectivity development occur in the 3D space of brain development, 3D 
models can offer more accurate representations of this complex process. Therefore, future 
studies should consider utilizing 3D models, because they provide better opportunities to compare 
results, especially regarding the 3D convolution of folds with imaging data. This aspect will be 
investigated further in our future studies.”  

5. Below Eq. (1), the authors stated that the gradient operator is applied with respect to the 
material point X in the reference configuration. In Eq. (1), however, the gradient operator is applied 
with respect to point x in the current configuration. 

Thank you for your insightful comment. We have revised the text to accurately reflect that the 
gradient operator in Eq. (1) is applied with respect to point 𝑿 in the reference configuration. We 
appreciate your attention to this detail and have made the necessary corrections in the 
manuscript. 

6. Eqs. (3)-(4) and Eqs. (9)-(10) both refer to F^g, but they represent different quantities. To avoid 
misunderstanding, different notations should be used. 

Thank you for pointing this out. We have revised the manuscript to use distinct notations for 𝑭௚ in 
Eqs. (3)-(4) and Eqs. (9)-(10) to clearly differentiate between the two quantities. This change 
should help prevent any potential misunderstanding. We appreciate your careful review and 
attention to detail. 

7. There are some inconsistencies between Fig. 5 and its citations on Pages 20 and 21. 

Thank you to the reviewer for bringing this to our attention. We revised the manuscript and 
addressed the issue. 
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Review Reply letter 

We sincerely thank all the reviewers for their thorough review, positive feedback, and 

constructive comments. We especially appreciate Reviewer #3 for their detailed evaluation of 

the revised manuscript and thoughtful suggestions. Below, we provide a point-by-point 

response to the minor and major revisions made to the manuscript. In this letter, we have 

provided detailed responses to each specific question raised, highlighted in blue. Additionally, 

new changes to the main text, including those based on editorial comments/formatting 

requirements, are highlighted in red in the revised manuscript.  

 

Reviewer #1 (Remarks to the Author): 

The authors have addressed the concerns raised in my previous review. 

We thank the reviewer for their positive feedback on the revised manuscript. We genuinely 

appreciate the reviewer’s comments and insights, which have been invaluable in enhancing the 

quality of our study. 

______________________________________________________________________ 

Reviewer #2 (Remarks to the Author): 

Thank you for these clarifications to the manuscript. The new version is much improved. 

We sincerely thank the reviewer for their positive feedback on the revised manuscript. We greatly 

appreciate the reviewer’s comments and insights, which have been instrumental in improving the 

quality of our study. 

______________________________________________________________________ 

Reviewer #3 (Remarks to the Author): 

The responses from the authors and the changes that they have made in the manuscript have 

addressed many of the issues raised by the reviewers, but I still have significant concerns about 

missing or unclear methods and overstated claims. 

Thank you for the reviewer’s thoughtful and positive feedback. We sincerely appreciate the 

reviewer’s in-depth evaluation and for providing valuable insights and comments, all of which we 

recognize as important and necessary to address in order to improve both the clarity and accuracy 

of the study’s presentation and the language used. Below, we have provided detailed responses 

to each of the reviewer’s concerns and comments and have revised the manuscript accordingly. 

We hope these revisions have effectively addressed the reviewer’s concerns, improved the clarity 

of the methods, and ensured that any overstated claims have been appropriately refined. 

Major issues: 

1. The abstract says "In particular, the degree of gyrification is shown to correlate strongly with 

the density, growth rate, and mechanical properties of underlying axon bundles." However, 

there is very little evidence - certainly not to support a claim of "strong correlation". For 

example, Fig. 5 looks at the effect of growth rate but changes in morphology are not quantified; 

Figs. 6 and 7 quantify the effect of axonal stiffness and number of fibers on GI and find 



statistically significant results (but realistically, likely a very small effect size). What seems to 

be somewhat more supported by the data is that the cortical folding morphology affects the 

growth of axons (in their simulations; not necessarily in vivo). 

We thank the reviewer for highlighting this critical issue. We fully agree that, in some 

instances, the presentation of the results required revision to enhance accuracy and eliminate 

any overstated claims. In response, we have revised the abstract to address the reviewer’s 

constructive feedback. Additionally, we conducted a thorough review of the manuscript and 

made necessary changes to ensure that any overstated claims were corrected. 

We also aimed to convey more clearly, as the reviewer pointed out, that while the effect of 

fiber properties on gyrification index may not be significant when considered in absolute terms, 

even though statistically significant differences exist between cases with varying fiber stiffness 

and fiber volume fractions. Importantly, our results demonstrate that the density of fibers 

reaching the cortical plate prior to folding plays a significant role in determining the specific 

locations where gyri and sulci form. 

In the first revision, we explicitly informed readers that the results presented are derived from 

models, which may not perfectly replicate real brain conditions. However, in this revision, we 

have further emphasized the modeling nature of the study and the derived conclusions by 

using terms such as “The model predicts”, “The models predict”, or “model predictions”.  

In the following, we have listed the specific changes made to the manuscript: 

• Abstract:  

“In particular, the connectivity patterning in the folding-induced stress field exhibits 

strong dependence on the density, growth rate, and mechanical properties of the 

navigating axon bundles.” 

 

• Results:  

“Remarkably, with an increase in the stiffness  ratio, the GI exhibited a statistically 

significant decrease, while its absolute value changed only slightly.” 

“Increased stiffness in the white matter region leads to a reduction in cortical 

gyrification and a lower GI (Fig. 7(e)), although this effect is statistically significant only 

with a substantial change in the fiber volume fraction.” 

 

2. Relatedly, at the bottom of page 28 the section is titled "Effect of stochastic nature of axon 

growth on cortical folding and fiber organization" but the related figure, Fig. 9, does not 

quantify the changes in cortical folding (e.g. gyrification index, wavelength, or sulcal depth).  

We thank the reviewer for this valuable and constructive comment. We apologize for not 

recognizing this issue in the previous versions of the manuscript. The titles of the subsections 

were initially established during the early stages of writing, and we did not update them to 

accurately reflect the observations and changes made in those sections. 

In the revised manuscript, we have carefully revised the subsection titles to better align with 

the findings presented in each part of the study. Furthermore, we thoroughly reviewed the 

entire manuscript to identify and correct any similar inconsistencies. Below is the updated list 

of subsection titles:  



Results 

• Axonal growth in a stress field 

• Effect of axon growth rate on fiber organization 

• Effect of axon mechanical properties on fold morphology and fiber organization 

• Effect of cortex stiffness on fiber organization 

• Effect of stochastic nature of axon growth on fiber organization 

• Findings from imaging data for model evaluation 

Discussion 

• Axonal fibers concentrate more in gyri than sulci 

• Axonal growth in a stress field 

• Effect of axons biophysical properties on fold placement and fiber organization 

• Effect of cortex stiffness on fiber organization 

• Limitations and potential improvements 

 

3. Several methodological details are still missing. 

a. While the response to reviewers explained the use of splines to visualize axonal directions, 

the only mention of splines in the manuscript is to point out where they aren't used (p22). 

We thank the reviewer for pointing out this point of confusion. We have revised the 
manuscript to ensure the use of spline curves is presented in the appropriate context. It is 
important to clarify that in our study, spline curve fitting was applied solely to improve the 
visualization of fiber paths by creating smoother lines, rather than displaying them as 
connected chains of elements. This was done for illustrative purposes only and did not 
influence the extraction of any results. All values presented in the study are derived directly 
from the finite element model without modification. To further clarify, we have included a 
comparison image showing the model with and without spline fitting. We added a 
statement to the Methods section to explicitly address this. 

“We applied splines to create smooth visual representations of fiber paths, rather than 

showing them as connected chains of elements. The spline fitting was used primarily to 

enhance the visualization in the figures and did not affect the extraction of quantitative 

data. All values presented in the study were derived directly from the FE models without 

any alterations. The original and dynamic representations of the FE models are available 

in the supplementary movies.” 

  
Without using spline fitting Applied spline fitting 



 

b. The calculation of GI is said to require fitting of a "smoothed, curved line that minimally 

encloses the cortical surface". More details would be helpful. I also assume the dotted 

line in Fig. 6c is a hand drawing and not the actual convex hull, because it shows some 

small areas of concavity. 

We thank the reviewer for this constructive comment. The convex hull of the cortical boundary 

was calculated using MATLAB, which employs a standard algorithm to enclose all points with 

a minimal convex shape. This convex hull serves as the reference outer boundary (Pial) for 

calculating the GI. The term ‘smoothed, curved line” refers to this convex line that wraps 

around the cortical boundary, eliminating any inward curves or concavities to create the 

smallest convex shape that completely enclose the cortex.  

Regarding the line shown in Fig. 6c, we agree with the reviewer that the dotted line was 

intended to illustrate the concept of the convex hull but may not strictly represent the actual 

convex hull used in the calculations. We used this line to visualize the overall contour, but for 

precise calculations, the convex hull was determined by MATLAB, ensuring no areas of 

concavity. We have replaced the dotted line with exact convex hull used in our calculations 

for better clarity in the following figure. In addition, we have added the following sentences to 

the Methods section to provide further details on the concept of the gyrification index and its 

calculation. 

Methods: “We used the gyrification index (GI) as a metric to quantify the degree of cortical 

folding and assess the influence of model parameters on folding patterns. The GI is defined 

as the ratio of the cortical surface area (Pial) to the convex hull surface area. In our 2D models, 

this simplifies to the ratio of the total length of the gyri line to the length of the convex hull line. 

The convex hull represents the smallest convex boundary that fully encloses the gyri line. For 

the models, the convex hull of the cortical boundary was calculated using MATLAB, which 

applies a standard algorithm to generate the minimal convex shape that encloses all points.” 

Results: “The GI is defined as the ratio of the total length of the cortical contour, represented 

by the solid line in Fig. 6(c), to the length of the convex hull, depicted by the dashed line in 

Fig. 6(c) (refer to the Methods section for further details).”  

 



 

 

c. Many similar simulations include some kind of perturbation or imperfection to trigger 

buckling. Was one used here? 

We thank the reviewer for raising this important point. In finite element buckling studies, it 

is common practice to introduce imperfections in either geometry or material properties to 

initiate buckling, particularly when using a static solver1,2. However, in our case, where a 

dynamic solver is employed, instability is naturally triggered due to the dynamic terms in 

the formulation. To ensure quasi-static equilibrium, the kinetic energy in the system should 

remain below 5% of the internal energy3. In our models, beyond the dynamic contributions, 

there is the initiation and establishment of axon elements with different material properties 

than the ECM, introducing heterogeneity. This heterogeneity acts as an imperfection, 

effectively triggering buckling and contributing to fold formation. We added the following 

sentences to the revised manuscript to address the comment: 

“The initiation and establishment of axon elements, with material properties distinct from 

the ECM, introduce imperfections into the system, facilitating the triggering of buckling. 
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However, to ensure quasi-static equilibrium in the dynamic solver, the system’s kinetic 

energy should remain below 5% of the internal energy3.” 

 

4. I believe Table 1 has a mistake; if the "Else if" statement in step 2 is not true, then the quantity 

n^T_max would be undefined. 

We appreciate the reviewer for highlighting this omission. While the developed code is 

accurate and includes the term (please refer to the code), we unfortunately overlooked it when 

preparing Table 1. This omission has been rectified in the revised manuscript, as detailed 

below. 

Table 1. Algorithm update scheme for the reorientation of axon bundle 

Internal variable 𝐧𝑘
A  [𝑛𝑘1

A ,  𝑛𝑘2
A , 𝑛𝑘3

A ]
𝑡
 

1. Set initial values 

𝐧A  𝐧𝑘
A,           𝐓  𝐽e−1𝐅e 

𝜕𝑊

𝜕𝐅eT
 

2. Compute principal stresses and directions 

𝐓  𝐽e−1𝐅e 
𝜕𝑊

𝜕𝐅eT
 ∑ 𝜎𝑖𝐧𝑖⊗ 𝐧𝑖

3
𝑖=1      with      𝜎1 ≥ 𝜎2 ≥ 𝜎3 

Let 𝐧max
𝑇  𝐧1

𝑇 

      If 𝜎1    or 𝜎1  𝜎2 then 

 𝐧̇A    

       Else if 𝐧A ∙ 𝐧1
𝑇    then 

𝐧max
𝑇 ← −𝐧1

𝑇 

       Else 

𝐧max
𝑇  remains as 𝐧1

𝑇 

       End if 

3. Compute the magnitude and normal vector of rotation velocity  

𝜔  
𝜋

 𝑡∗
‖𝐧A × 𝐧max

𝑇 ‖ 

𝐧𝜔  
𝐧A × 𝐧max

𝑇

‖𝐧A × 𝐧max
𝑇 ‖

 

4. Update preferred direction vector 

𝐧𝑘+1
A  cos(∆𝑡𝜔)𝐧A + sin(∆𝑡𝜔) 𝐧𝜔 × 𝐧A + [ − cos (∆𝑡𝜔)][𝐧𝜔 ∙ 𝐧A]𝐧𝜔 

𝐧𝑘
A  𝐧𝑘+1

A  

 

5. In Fig. S1, why does the number of simulations affect the results? I expected to see some 

narrowing of a range of uncertainty, but in fact uncertainty/standard deviation is not even 

indicated on the plot. 

Thank you to the reviewer for this constructive comment. We have revised Fig. S1(a) to include 

the standard deviation, which now captures the variability across simulations. In fact, the purpose 



of this figure is to determine the minimum number of simulations required to ensure that the results 

are independent of the number of simulations. In our models, fiber initiation occurs at random 

locations, so running only one or a few simulations could lead to variability in the results and 

potentially misleading conclusions. To ensure the results are independent of fiber initiation 

locations and thus independent of the number of simulations, we generated Fig. S1 to assess 

how many simulations are needed to achieve stable and repeatable outcomes. As shown in Fig. 

S1(a), the fiber density stabilizes (within ±1% change in mean) after approximately 10 simulations, 

and the standard deviation also stabilizes beyond this point. 

 

Fig. S1 (a) The impact of varying simulation counts on fiber density within gyri and sulci regions. Results 
demonstrate stability in fiber density beyond a threshold of 10 simulations. (b) Relationship between the 
number of fiber bundles and the resulting fiber density. The number of fibers doesn’t significantly impact 
the fiber density within gyri and sulci. The used parameters in these figures are:   𝜇f 𝜇s   , 𝜇c 𝜇s   , 𝑎  
      mm Pa−1 d−1, 𝐺axn      mm d−1. Data are represented as mean values +/-SD (Standard Deviation). 

Regarding the expected narrowing of uncertainty with an increasing number of simulations, it is 

important to clarify that while standard deviation measures the spread of individual data points 

around the mean, it does not directly represent the uncertainty of the mean itself. To capture how 

uncertainty decreases as more simulations are conducted, the standard error of the mean (𝑆𝐸𝑀) 

would be the appropriate metric. 𝑆𝐸𝑀 is calculated as: 

𝑆𝐸𝑀  
𝑆𝐷

√𝑛
 

where 𝑆𝐷  is the standard deviation and 𝑛  is the number of simulations. This metric clearly 

illustrates the reduction in uncertainty as the sample size increases. To address the reviewer’s 

concern, we have recreated Fig. S1(a) with SEM as the uncertainty measure, and the expected 

narrowing of the uncertainty range with increasing simulations is now noticeable. However, in the 

manuscript, we opted to maintain the use of standard deviation for consistency in error 

representation throughout. We hope this explanation clarifies the choice and presentation of 

uncertainty in Fig. S1. 
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6. The inclusion of the timeline in Table S1 is helpful. However, please indicate the approximate 

weeks that correspond to your simulations. 

Thank you to the reviewer for this constructive comment. We have incorporated additional 

information in the Results section to align our simulations with the developmental timeframe of 

the axonal fibers. It is important to note that we considered the growth and development of axonal 

fibers from the deep brain core to the deep subplate region to have occurred prior to T=0.  

“At T=0, cortical expansion initiates (corresponding to approximately 16–20 GWs in Table S1), 

when thalamocortical fiber tracts begin to spread in the deep subplate. At T=1, the simulation 

ends (aligning with around 27–36 GWs in Table S1), when axons have settled in the cortical 

plate.” 

Minor issues: 

7. The scales of the y axes in Fig. 7e and 6c are extremely misleading and should be revised to 

include 1. 

Thank you for pointing out the scaling on the y-axes in Fig.7e and 6c. We acknowledge that the 

scales may appear misleading as they do not currently include 1. To enhance clarity and ensure 

accurate representation, we have adjusted the y-axes scales in both figures. This revision will 

help readers interpret the results more accurately. 
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8. In Fig. S3, there are interesting green shapes in the middle of the mostly-blue substrate. Can 

the authors explain these? 

Thank you to the reviewer for this interesting observation. The green shapes in the mostly blue 

substrate represent regions with slightly higher stress than the surrounding blue areas. Some of 

these regions contain axons, which have a higher stiffness compared to the substrate. We used 

a divergent color scale with 255 color levels, making these subtle variations in stress more visible. 

If we were to use a simplified color scale, such as the 12-color scheme commonly used in 

ABAQUS, these differences would appear less distinct, resulting in a more uniform color across 

the substrate. Please see the comparison image below for reference. 

 

 

9. Fig. S4 still has the titles "with/no reorientation" that was fixed in the last revision. 

We apologize for failing to catch this issue. The title of Fig.S4 has been corrected. 
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Fig. S4 Dynamic growth of fibers for the growth rate of     mm d−1 in models with and without stress-

dependent reorientation process. The used parameters in these figures are:   𝜇f 𝜇s   , 𝜇𝑐 𝜇𝑠   , 𝑎  
      mm Pa−1 d−1, 𝐺axn      mm d−1. 

 

10. On p29, specify what quantity you are discussing the standard deviation of. 

Thank you for pointing out this issue. In this section, the standard deviation refers specifically 

to the variability in the orientation angle of the preferred growth directions of axons (𝒏𝑘
𝐴) within 

our models. This variability allows us to mimic the stochastic nature of axonal growth. We 

have clarified this in the revised text on p29 to ensure that the reference to standard deviation 

is specific and clear. 

11. Some nomenclature is inconsistent - both preferred and present direction are used on p14, 

and MPTS is used instead of MTPS on p22. 

We apologize for failing to catch these instances. We have replaced the terms “present” and 

“MPTS” with “preferred” and “ T  ”, respectively. We thoroughly reviewed the manuscript to 

eliminate any inconsistencies. 

Reviewer #3 (Remarks on code availability): 

 

I briefly looked through the code and did not see any significant reasons for concern. 

We sincerely appreciate the reviewer's time and feedback in evaluating the developed code.  

____________________________________________________________________________________ 

Reviewer #4 (Remarks to the Author): 
 

I have no further comments. 
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We thank the reviewer for their positive feedback on the revised manuscript. We 

genuinely appreciate the reviewer’s comments and insights, which have been invaluable 

in enhancing the quality of our study. 

____________________________________________________________________________________ 
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Review Reply Letter 

We sincerely thank the reviewer for their detailed and constructive evaluation of the revised 
manuscript. Below, we provide a point-by-point response to the minor revisions made to the 
manuscript. In this letter, we have included detailed responses to each specific question raised, 
with the responses highlighted in blue and the corresponding revisions in the manuscript 
highlighted in red. However, new minor changes to the main text are not highlighted, as per the 
formatting instructions of the journal.   

 

Reviewer #3 (Remarks to the Author): 

Thank you to the authors for their revisions and response. I continue to have concerns about the 
support of the authors' claims. 

1. The revised abstract states that "Importantly, our results demonstrate that the density of fibers 
reaching the cortical plate prior to folding plays a significant role in determining the specific 
locations where gyri and sulci form." Where is this information shown? Figs. 5 and 8 show 
simulations where fibers reach the cortical plate before and after folding begins, but don't compare 
resulting morphologies or fold placement, only fiber density in gyri and sulci. 

Thank you to the reviewer for raising this comment. The quoted statement, “Importantly, our 
results demonstrate that the density of fibers reaching the cortical plate prior to folding plays a 
significant role in determining the specific locations where gyri and sulci form,” is included 
exclusively in the previous Review Reply Letter in response to the reviewer’s comments for more 
discussion, and does not appear in the abstract or any other part of the revised manuscript. 

While the statement is accurate and aligns with our models, which demonstrate that areas with a 
higher density of fibers reaching the cortical plate predominantly form gyri rather than sulci, we 
have not elaborated on or quantified this finding in the manuscript, as it lies outside the scope of 
the current study. To clarify, please refer to the following figure. As the figure illustrates, in the 
center of the model, a sulcus consistently forms when fibers are absent. However, when a region 
with dense, growing fibers is introduced beneath the center, the termination point of this dense 
fiber tract invariably corresponds to the formation of a gyrus after folding. We repeated this model 
multiple times, and a gyrus consistently formed at the center of the model. 

 

 

 

 

 

 

 

 

Fig. R1. Comparison of models with and without fibers. a) In the absence of fibers, based on the cortical 
folding over the substrate and the applied mechanical parameters, a sulcus consistently forms at the center 

Sulcus Gyrus Area with a 
high fiber 
density   

(a) (b) 



of the cortex in the half-circle model. b) When a region with dense fibers is positioned beneath the center 
of the cortex, the growth and termination of these fibers at the cortical plate consistently influence the 
morphology, leading to the formation of a gyrus. This gyrus formation is reproducible across various 
randomized models with concentrated fibers at the center. 

2. The revised abstract also mentions "the connectivity patterning in the folding-induced stress 
field". What does this mean? What stress field? 

Thank you to the reviewer for this insightful comment. The folding of the cortical plate onto the 
white matter (or early subplate) generates a stress field within the white matter. This stress 
landscape, characterized by a distribution of tensile and compressive stresses (as shown in the 
Fig. 2 of the revised manuscript) influences and steers the growth paths of axonal fibers. The 
stress field in the white matter region is depicted using stress contours. Since this stress field 
arises as a result of cortical folding, we have termed it the “folding-induced stress field.” To 
enhance clarity in the revised manuscript, we have explicitly added the term “white matter” to the 
relevant statement, which now reads: 

“In particular, the connectivity patterning resulting from cortical folding exhibits a strong 
dependence on the growth rate and mechanical properties of the navigating axon bundles.” 

3. The mention of cortical folding morphology depending on fiber organization was removed from 
the section heading, but not the caption of Fig. 9. 

Thank you to the reviewer for point out this issue. In the revised manuscript, we addressed the 
issue.  
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