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Reviewer #1 (Remarks to the Author): 

Griffa and colleagues present a manuscript that investigates the differences in information 

transmission across species by performing network-based analyses on multimodal (fMRI and 

sMRI). Inspired by information theory, they apply the Data Processing Inequality (DPI) on brain 

network data, from which they derive the Parallel Communication Score (PCS). This analysis 

hinges on the assumption that the brain transmits information under a Markovian framework. 

Within this framework, the authors conclude that the number of structural paths that obey the DPI 

reflect the number of parallel information transmission pathways. The main findings are that 

across mammalian species (mouse, monkey, human), PCS scores are organized according to their 

evolutionary complexity (humans, monkeys, then rodents). Humans also have the greatest PCS 

across unimodal and transmodal cortices (i.e., cross-modal PCS). Finally, the authors show that 

PCS network organization is unique across individuals. 

Overall there appears to be an ambitious amount of work that has gone into this study, from the 

processing and analysis of multiple species and multiple data modalities. However, I have a 

number of major concerns regarding the validity of the analyses, interpretations, and conclusions. 

First, while the analysis is interesting and creative, it is highly speculative in that it assumes that 

the brain transmits information under a Markovian framework. (The paper does not rule out if the 

brain uses any non-Markovian framework.) Second, the comparison across species (as presented 

in the main text), is highly confounded by the fact that both monkeys and rodents were not 

anesthetized. The supplementary figures that show data for unanesthetized monkeys/rodents are 

not entirely convincing, as it shows a strong anesthetization effect, while also showing that 

unanesthetized rodents have an overall higher PCS than unanesthetized monkeys, which is 

contrary to the authors’ main claims (Supp. Fig 14). Finally, while I acknowledge the difficulties 

(and ambition) of trying to analyze datasets from many different sources, the differences in MRI 

scanning protocols (e.g., TR length) give many degrees of freedom that were not fully addressed. I 

detail these concerns (and others) below. 

Major 

* A major concern is that the results do not clearly reflect the hypothesized differences of PCS 

across mammalian species when controlling for anesthesia. Specifically, unanesthetized mice had 

greater PCS than unanesthetized monkeys (Supp Fig. 14d vs f). This appears to be inconsistent 

with the claims made in the Results section that reference the supplementary analysis (line 400). 

This appears to be a misleading mischaracterization of supplementary data. In general, I think the 

unanesthetized results should all be presented in the main text, and the anesthetized results 

placed in the supplementary (to avoid any confusion). 

* I’m not an expert in evolutionary biology, but is it common to phrase the transition from mouse 

to monkeys to humans as “evolutionary complexity”? From my naive knowledge on evolution, all 

three species are highly specialized for their current (contemporary) environments, and I’m 

curious to know if it’s common to think of humans as a “more evolved form” of a mouse, for 

example. This seems to be an oversimplification. Otherwise, citations are warranted. 

* The choice of 5 shortest structural paths seems somewhat arbitrary to me. If I understand 

correctly, Supplementary Fig. 1b seems to indicate that a majority of the shortest paths are only 

1-step connections. It follows that most likely, the 5 shortest connections will likely be 1-step 

connections. What is the significance of DPI of a 1-step connection? Can it truly be considered 

‘parallel’ if this analysis is reduced to if the top 5 1-step connections obey the DPI (whereas the 

schematic in Fig. 1 appears to be an illustration for 2-step connections)? 

* Another question I had about the SC matrix was that it appears that SC matrices were binarized, 

and then the weights were modified by their Euclidean distances. However, wouldn’t this bias the 

shortest paths to be very close range connections? Would any long range connections be included? 

Perhaps it could be helpful to provide some examples of what long range connections are included 

for a few example regions. 

* Evaluating and comparing relay communication patterns that are unique to individuals. How 



were the fMRI recordings split? Were independent imaging sessions tested apart? Or were they 

data points within the same session? It wasn’t immediately clear from the Methods, but for 

statistical independence sessions/data should be assessed from independent scans. Otherwise 

individual fingerprinting would be confounded if data were taken from the same scan session. 

* I would encourage the authors to be a bit more careful with terminology. Throughout the 

manuscript, they often equate PCS with the brain’s information communication strategy (e.g., line 

420 (Discussion). However, the measure of PCS is a information communication strategy that is 

imposed by the author (experimenter-derived measure), rather than a strategy that is actually 

implemented by the brains. The authors should clarify this in the Introduction/Discussion. 

* The measurement of SNR seems to be confounded by the differences in TR. Since (according to 

the methods) SNR is just the ratio of low v. high freq power contents, determined by the half of 

the Nyquist frequency, then SNR measurements across scans with different TR lengths are likely 

incomparable. 

Minor 

* The mismatch between using group-level SC matrices versus individual-level FC (or mutual 

information) analyses seems problematic. I appreciate the difficulties in estimating individual SCs 

due to high variance of diffusion scans, but this seems like it should be addressed as a limitation. 

Moreover, this might suggest that the individual fingerprinting of PCS (Fig. 4) derives entirely from 

the mutual information analysis, rather than the combination of mutual information + SC + DPI 

analysis. Does fingerprinting of PCS provide something over and above just functional 

fingerprinting (using, for example, mutual information)? 

* How would PCS be assessed if using just linear correlation rather than mutual information? What 

is the rationale for using mutual information, given that correlations are just the linear equivalent 

of MI? 

* I wonder if species-specific PCS differences across unimodal/transmodal areas could be in part 

explained by differences in the structure-function tethering across those species? The specific work 

that comes to mind is: (Baum et al., 2020; Vázquez-Rodríguez et al., 2019). 

* Is merely shuffling the mutual information matrix appropriate as a permutation/null test (e.g., in 

Fig. 2)? Since both fMRI and the SC matrix are both confounded by spatial autocorrelation, my 

sense is that arbitrarily shuffling the mutual information matrix without preserving any spatial 

autocorrelation may not be the appropriate null to test whether there are true differences in PCS 

across unimodal-transmodal areas. 

* In supplementary Figure 17, what do the p-values in the top-left corner of each graph reflect? 

Same for Figure 3 and related figures. The specific statistical test is reported, but not what is being 

compared. 
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Reviewer #2 (Remarks to the Author): 

The manuscript „The evolution of information transmission in mammalian brain networks“ by Griffa 

et al describes a novel methodology to quantify functional connectivity between brain regions 

based on the number of parallel structural connections that are used for information transmission. 

They use an information theoretic approach assuming that mutual information between a signal 

observed in a source and along the pathways should be decreasing monotonically, and that the 

pathway itself is memoryless. 

First, the structural connectome among brain regions is derived based on diffusion tensor imaging 

data. Then, connections between brain regions are evaluated based on paths with a defined length 

through the structural network. 

Overall this approach adds a new perspective to the assessment of functional networks. Even-

though the authors suggest several insights based on the comparison of mouse, macaque, and 

human brain, the primary contribution is methodological. 

In the following a few points: 

It would facilitate reading, if the paper would start with describing the claim of counting parallel 

structural connections that are used for signal transmission as observed in functional magnetic 

resonance imaging (fMRI). After that, introduce the information theoretic approach used to 

evaluate this. Currently for a long initial stretch, the only point readers learn about the novelty is 

that it is an „information theoretic approach“. 

Provide a motivation what exact insight this adds to our understanding of brain architecture and its 

evolution. What are many parallel connections associated with? Are there prior findings, or 

hypotheses regarding the functional brain architecture that explain the rationale? What are the 

„different communication strategies“ associated with parallel paths used at the same time. Please 

explain, and clarify this - as one of the main claims is regarding evolution, this is an important 

part. Maybe one can expand figure 1 to explain this overall concept. 

Is it correct that the paths run along the cortex? That is, they are several hops from cortical region 

to cortical region? I assume this is the case, since your results are based on fMRI, but it is worth 

clarifying early. 

Figure 2 is overall helpful, but it would be better, if you provide a visualization of the brain regions 

corresponding to the block-diagonal segments. 

Please clarify the term „relay communication density“. Is there some context that can help 

understand its significance in this paper? 

If I understand correctly, then the conclusion of Figure 2 is one of the main conclusions of the 

paper: communication becomes more parallel when comparing mouse to macaque to human. Is it 

possible that this is in part an artefact of increased brain size, corresponding increased relative DTI 

resolution, and therefore overall higher numbers of structural connections? The authors perform 

analysis to create a null-connectivity model by randomly permuting the assignment of time 

courses to cortical regions - that makes sense. The number of parallel connections remains 

significant after this (line 371). However, this statement does not extent to the differences in 

parallelism between the three species. The results in Figure 7 suggest that after this z-score 

normalization of parallel transmission pathways, the 3 species are almost the same. Please clarify: 

is there still a significant gradient of increasing parallelism, when controlling for the number of 

connections? This is a central claim of the paper, and needs proper testing. 

To better understand the meaning of the parallel transmission pathway characteristic, please 

compare with other comparable approaches to connectivity, such as standard functional 

connectivity measures, number of structural connections (i.e., pretending that all structural 

connections are used for transmission). An interesting question is also how this differs for different 

brain areas as shown in Figure 3. Are there possible relationships to current approaches of 



assessing functional brain architecture and evolution? 

Several minor points: 

line 153: „at most“ is not an assumption but a necessity if I understand correctly. Please clarify or 

formulate precisely. 

line 222: similar for 3 species but decaying right after … what does that mean? 

line 371ff the parallelism or also it’s increase remained significant when compared to null 

hypothesis? 

is this independent from overall connectivity of a region? compare to count of connections from a 

region of all paths are counted as valid path. or is this equivalent to the time series shuffling 

please clarify 

please check grammar, e.g., line 58: give -> gives 

line 62: what do you mean by „virtually subtend all aspects“? Please make clear statements. Do 

you mean „subtend almost all aspects“ 

Reviewer #3 (Remarks to the Author): 

This paper aims to explore the information transmission mechanisms in mammalian brain 

networks. First, the information transmission in brain networks is modeled as (multi-hop) relay 

communications. Second, the data processing inequality (DPI) in information theory is used to find 

all the structural paths between two brain regions which can serve as a relay communication 

channel. More specifically, a structural path is labeled as a communication channel if the pairwise 

mutual information values do not increase along the unidirectional path; otherwise, it is not a 

communication channel. For example, consider a path A#B#C#D and let I(X,Y) denote the 

;BAB0: 8<5=?;0A8=< 14AD44< ?468=<@ - 0<3 .% +5 +"'$(#H+"'$)#H+"'$*#$ A74< '#B#C#D is labeled 

as a communication channel, otherwise it is not a communication channel. 

Based on this approach, the authors analyzed the brain networks for mice, macaques, and 

humans, and found that, on average, the number of parallel communication path progressively 

increase from mice to macaques to humans, and the relay communication/routing pattern varies 

across species and different individuals in the same species. These conclusions are consistent with 

our common sense: parallel communications are critical for advanced cognitive functions in the 

human brain, and different people may have different connectivity patterns in the brain network 

due to different experiences and trainings. The paper is well written and easy to follow. This 

reviewer has the following comments: 

1. A path that follows DPI may not be a communication channel. 

First, let’s assume that the relay model is correct. While it is true that a memoryless relay 

communication channel generally follows DPI, a path that follows DPI may not be a communication 

channel. 

Let’s look at an example. Before that we need to understand what a communication channel is. I 

believe that we all have the experience that, sometimes, our phone call is dropped because the 

signal fades, or our Zoom link does not work when the network speed is too low. This means that 

a communication is possible only when the connectivity between the source and destination is 

strong enough to support effective information exchange between them. Consider a structural path 

A#B#C#D, even if there is only noise in the observed signal, we are likely to observe that 

+"'$(#H+"'$)#H+"'$*# "D8A7 0:: A74 ;BAB0: 8<5=?;0A8=< C0:B4@ 144< <=<G4?= 0@ A74 <=8@4 A74?4 ;0F

not be independent), simply because that distance between brain regions increases along the 

path. However, in this case, the path follows DPI, but there is actually no information transmission 

going on. 



Second, since mutual information reflects the mutual dependence between the brain regions and is 

nondirectional, a path that follows DPI may not be a communication channel. 

Consider an example A"B#C (just as in the case that B is a friend for both A and C, but A and C 

3= <=A ?40::F 9<=D 4027 =A74?#$ D4 0?4 :894:F A= 70C4 +"'$(#H+"'$)#$ 0<3 A74< A74 >?=>=@43

approach will assume that the A#B#C is a communication channel but this is not true. 

2. A path that does not follow DPI may be a communication channel. 

Let’s look at an example. Consider a path X#Y#Z. Assuming X and Z are students, and Y is a 

teacher. X reports to Y about what he is doing; Y then asks Z to contact X and does the same 

thing X is doing; Z contacts X and they exchange information. Recall that physical meaning of 

mutual information is the amount of information successfully exchanged between the two regions. 

+< A78@ 4E0;>:4$ D4 0?4 6=8<6 A= @44 A70A +"-$/#H+"-$.#$ 8A 3=4@ <=A 5=::=D *,+& 7=D4C4?$ -#Y#Z 

surely is a communication path. 

Coming back to the brain, if each brain region just performs information relay without, then the 

communication will not be meaningful and it will be impossible for us to perform any cognitive 

thinking. The brain might be more likely to follow a receiving-processing-transmitting model rather 

than a simple relay communication model. 

3. Unidirectional information transmission, in general, is measured using directed information 

rather than mutual information. Mutual information and directed information are equal only when 

there is no feedback in the channel. For directed information, the authors may want to refer to the 

following paper: 

J. L. Massey and P. C. Massey, "Conservation of mutual and directed information," Proceedings. 

International Symposium on Information Theory, 2005. ISIT 2005., 2005, pp. 157-158, doi: 

10.1109/ISIT.2005.1523313. 

Overall, the topic is very interesting, and I appreciate the numerical analysis the authors have 

carried out. However, unfortunately, I am very sorry to say that using the DPI approach for 

communication path detection in brain networks is not technically sound. 

I believe that analyzing brain network using information theory is perhaps the right direction, but 

this particular approach should be rethought. 





























































































Reviewer #1 (Remarks to the Author): 

I appreciate the effort the authors have put into their revisions. 

However, I still have several concerns/questions. 

1. The first is that their result, namely the gap in PCS across species, is only significant for humans 

v. others, while not significant for monkeys v. mice. This seems to be at odds with some of the 

fundamental claims of their paper. Are monkeys and mice really not that dissimilar? Do 

monkeys/mice belong to the same part of the ‘evolutionary’ tree? The ethological behavior of 

these animals is remarkably different, and should not be overlooked. 

2. I am still skeptical of the binarization of the SC weights, with subsequent modification of these 

weights according to the Euclidean distance. Subsequent measures, such as PCS were used on this 

matrix. This seems like a strong assumption, given the fact that the brain already is biased 

towards having local connections; it’s not clear to me that weighting by euclidean distance is 

required further. I would be more confident of this result if the PCS results are able to be 

maintained without modification of the weights using Euclidean distance (e.g., either using the 

binarized matrix or the weights derived from the unfiltered SC matrix). Or, if one were to 

parameterize an all-to-all connectivity matrix with euclidean distance, do the results emerge? In 

the latter case, this would suggest that PCS has nothing to do with SC, but instead euclidean 

distance. 

3. Regarding the evaluation and comparison of relay communication patterns that are unique to 

individuals, the authors suggest a potential workaround is to cut the resting state time series in 

half, which has the benefit of removing scanner and acquisition noise. I don’t understand how this 

removes scanner and acquisition noise – doesn’t this do the opposite, i.e., add scanner and 

acquisition noise as a confound? 

4. Regarding the use of evolutionary gap when comparing humans, monkeys and mice. The 

authors mention that they have “smoothed out the claims of evolutionary gradient” throughout the 

text. However, when reviewing the manuscript, the concept still appears to be pervasive. A few 

examples: 

Abstract, line 46: “By applying a novel approach to measure information transmission in mouse, 

macaque and human brains, we found an evolutionary gap from selective information processing 

in phylogenetically older species…” 

Introduction, line 129: “We report a strong evolutionary gap in the brain communication dynamics 

of mammals, with predominant selective information routing in phylogenetically older species such 

as mice and macaques, morphing into more complex communication patterns in human brains.” 

Reviewer #3 (Remarks to the Author): 

The authors responded to my comments by adding more simulation results and identifying the 

limitations or simplicity of the proposed approach. I appreciate the authors effort in that. 

As the authors indicated: “The framework models memoryless information transmission in brain 

networks by introducing an empirical way to assess deviations from Markovity through the data 

processing inequality”, “The framework proposed in the present work only models Markovian 

information transmission and does not inform us about other complementary brain communication 

mechanisms.” 

Along this line, please note that nonzero mutual information between two brain regions does not 

necessarily mean there is actual information transmission between them. The frequently appeared 



phrase “communication pathway” is therefore very strong and may be misleading since 

“communications” means “information transmission” either in one direction or both directions. 

I agree with the author that one paper cannot solve all the problems on this complex topic and the 

empirical observation in the decreasing of mutual information (MI) along with the physical distance 

of the nodes is intuitively correct and aligns well with our common sense. From an objective 

perspective, it is more appropriate to report this decreasing pattern in the "information related 

link" of MI rather than claiming the link be a “communication path”. I understand that this may 

sound less cool, however, it is more objective and safe. 

That being said, I support the publication of the work if this drawback can be fixed. 

Reviewer #4 (Remarks to the Author): 

Griffa et al. used a combination of anatomical and functional scans together with an information-

theory analysis to compare the brains of three species and claim that the human brain has more 

parallel computing. The combination of functional and anatomical data across species is unique 

and interesting. I was asked to assess the answers they gave reviewer 2 which I think were 

satisfactory. However, I have several major concerns that echo the concerns of reviewer 1. 

In general, I think that comparing brains of different sizes that were scanned on different 

machines with different SNR is almost impossible. The differences found between the brains are 

very probably a result of scanning differences. The authors perform several controls on the fMRI 

data, but I would be very concerned about the DWI data. Brains of different sizes scanned in 

different machines would result in different fiber depth which could easily generate such results. 

This is especially worrying as the smaller brains (which are more difficult to reconstruct) appear 

different from the larger brain. Larger brains enjoy better SNR and will allow better fiber tracking 

and reconstruction. Such an artifact is also suggested by the distribution of node-hopes in the k-

strongest connections presented by the authors (SI 1B) in response to a reviewer’s comment 

where humans seem to have slightly more longer connections. 

The best solution for this would be to scan all animals in the same machine, using the same 

resolution of scanning. Another, less desirable, option is to degrade the resolution of the larger 

brains so that it is the same as the smaller brain (and perhaps to equalize the noise) and to 

reconstruct the network again. Without some very convincing control for network reconstruction 

across species, my guess would be that it is driving the results. 

I am also not sure about the information theory approach. In general, I like the idea of measuring 

multiple connections between nodes and going beyond the mean short path. However, I have a 

few questions about the method. 

1) It is my understanding that the author did not use the strength of the mutual information 

between nodes – two nodes might have a very high or a very low mutual information, but they 

account them as connected as long they follow the decaying information rule. 

2) The authors remove non markovian connections because the mutual information does not drop 

– but doesn’t this mean that these nodes are actually more strongly connected (their MI is higher) 

? Aren’t they actually looking at the less connected nodes ? 

3) As already mentioned by other reviewers the criterion of decreasing MI seems somewhat 

arbitrary. I could suggest a different criterion – find the nodes with the highest MI, and estimate 

the connectivity of each node based on it. 

Minor comments: 

There is no such thing as older species. All mammals existing today evolved over the same time 

period. The human brain could in theory be older than the mouse brain – unless you have 

evidence proving otherwise. 































Reviewer #1 (Remarks to the Author): 

I commend the authors for their work during these multiple rounds of review. 

However, after these multiple rounds of review, I think it has become clear that these results 

should be treated as preliminary. The current title of the manuscript reads more as a definitive 

claim: "Information transmission in mammalian brain networks". I would suggest a title that 

expresses more caution and discretion, but I leave it to the authors and editor to decide. 

Reviewer #4 (Remarks to the Author): 

Although I am not sure about the selection of one measurement vs. other ones, I think that the 

study offers many interesting ideas and results that are worth publishing and will evoke interest 

and discussion. So I think it is worth publishing. 



REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author):
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decide.

We thank the Reviewer for his/her comments which helped us to improve our study. As 

suggested by the Reviewer and in agreement with the Editorial team, we have changed the 
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“Evidence for increased parallel informa on transmission in human brain networks

compared to macaques and mice”

Reviewer #4 (Remarks to the Author):
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interest and discussion. So I think it is worth publishing.

We thank the Reviewer for his/her comments which helped us to improve our study.


