
Electronic Supplementary Material for Wroe et al 1 

 2 

Virtual reconstructions 3 

Step 1: mirroring using Iterative Closest Point (ICP) rigid registration. Where possible, missing 4 

and/or damaged regions were replaced by mirrored parts from the opposite side of the crania. This was 5 

achieved by first establishing a mid-sagittal plane that passed through a number of points on the mid-6 

sagittal line on the cranium [1-5], e.g., bregma, glabella and nasospinale (figure S1). This process 7 

accounts for a degree of positional asymmetry, as the mirrored fragment is secondarily aligned using ICP 8 

rigid registration with the material surrounding the defect[6]. All specimens were reconstructed to be as 9 

complete as possible using this method. However, as previously noted, at least some morphology was 10 

missing from both sides of each Neanderthal crania. 11 

Step 2: warping of complete recent modern human cranium using Template Mesh Deformation. A 12 

separate template of landmarks and slid semilandmarks was used to warp the same recent modern Homo 13 

sapiens (European ULAC-210) source cranium to each of the step 1 reconstructed target Neanderthal 14 

crania. The number of landmarks in the templates ranged from 666 to 1603 for the different specimens. 15 

The rationale behind landmark and semilandmark (which guide the slid semilandmarks) placement was 16 

to include, wherever possible, true (type 1) landmarks, with semilandmarks guiding slid semilandmarks in 17 

the form of curves and patches/surfaces. The curves and patches followed anatomical curves, e.g., the 18 

inferior rim of the orbit curve and the left hand side of the frontal bone surface. Wherever possible, sutures 19 

were used to mark the start and/or end points of curves, or the margins of patches/surfaces. Landmarks 20 

were applied to the exterior and interior (e.g., endocranial) surfaces of each of the crania to ensure that 21 

the bone thicknesses of the warped source model accurately reproduced those of the target models. 22 

     The warping of the source models was guided by step 1 reconstructions of the Neanderthal fossil 23 

material. Where step 1 reconstructed fossil material was absent, the warp of the source model was guided 24 

by the surrounding material. This method allows for material missing in the Neanderthal fossils to be 25 

replaced in the reconstructions (figure 1 & figure S2). As FEA requires complete volume meshes, the 26 

warped source mesh was used, as opposed to an alternative method where parts of the warped source 27 

mesh might be used to replace missing parts in the original fossil reconstructions. The final warps were 28 

checked for suitability for volume meshing in 3-matic (v8.0).  29 



     It has been well demonstrated that with sufficient landmarks and slid semilandmarks an accurate 30 

representation of a target mesh shape can be achieved from a source mesh of a different shape[7-10]. It 31 

has further been shown that when a source mesh has been altered in shape (warped) so as to accurately 32 

replicate the shape of a target mesh, this warped source mesh accurately reproduces the biomechanical 33 

behaviour of the target mesh [4, 11]. Based on these principals, we used the results of the step 1 34 

Neanderthal reconstructions as target meshes for FEA and CFD analyses. 35 

     The source mesh was a recent modern Homo sapiens cranium chosen because of its regular and 36 

symmetrical nasal morphology (European, Polish male, ULAC-210). The initial CT segmentation and 3D 37 

reconstruction were performed in Mimics v17 (Materialise), with subsequent fixing of the mesh and 38 

preparation for volume meshing being performed in 3-matic v8.0 (Materialise). 39 

Although we did not investigate VM micro-strain in the mandible, mandibles were required in order to 40 

obtain vectors for masticatory muscles. For the two Neanderthals for which a mandible was not preserved 41 

(La Chapelle-aux-Saints 1 and Gibraltar 1) a surface mesh of Regourdou 1 was used (scaled to size). 42 

Similarly, where teeth were missing, surface meshes of the equivalent teeth from Le Moustier 1 were 43 

used. For the mandible for Broken Hill 1 (H. heidelbergensis) we used a surface generated from CT of 44 

Mauer 1. 45 

Comparison of warped specimens to original material. It is important to assess whether final 46 

reconstructions based on warps accurately reproduce the original fossil morphologies. This was done by 47 

checking the outlines of the final reconstruction against those of the original fossil material in the CT data 48 

(figure S2), as well as by a mesh-mesh deviation metric comparison (figure 1). 49 

These comparisons were performed in Cloud Compare (v2.5.5.2), allowing distance based colour 50 

maps to be superimposed on the models, as well as frequency histograms and metrics of the mesh-mesh 51 

deviation to be calculated (figure 1). The La Chapelle-aux-Saints 1 fossil had an average vertex deviation 52 

of -0.059mm (standard deviation 1.28 mm) from the final (stage 2) reconstructed model. The slice 53 

thickness for the La Chapelle-aux-Saints 1 CT scan was 0.625 mm. The edge length of each CT voxel is 54 

therefore 0.625mm. The standard deviation of vertex distance from original fossil specimen to final 55 

reconstruction was just above two voxels (two voxel edge length = 1.25 mm), but below three voxels 56 

(three voxel edge length = 1.875 mm), see figure 1 & figure S2, indicating that the reconstructed models 57 

accurately reproduced the fossil morphology. Note that these overall metrics of mean and standard 58 



deviation include regions where the underlying fossil material is missing, meaning that in areas where the 59 

fossil material is present the difference between reconstruction and fossil material was much less. 60 

 61 

 62 

Figure S1. Step 1 of virtual reconstruction of La Chapelle-aux-Saints 1 Neanderthal. A) midline plane is established 63 

passing through several points located along the sagittal midline of the cranium  B) to replace missing or damage 64 

regions of the cranium, where possible, the opposite side of the cranium was mirrored using the sagittal midline 65 

plane. C) To account for any positional asymmetry in the cranium, the region of interest was then isolated and ICP 66 

aligned to the material surrounding the defect (C and D). C and D show how the ICP fitting of the material surrounding 67 

the defect effectively aligns the mirrored material with the optimal position to replace the missing material. E) and F) 68 

show the completed first step of virtual reconstruction from original fossil material. 69 

 70 



 71 

Figure S2. Overview of La Chapelle-aux-Saints 1 fossil material (greyscale in CT slices, off-white in the 3D 72 

reconstruction shown in the bottom right panel) and final warped Homo sapiens model (red outlines in CT slices, red 73 

3D reconstruction in the bottom right panel). Note the tight fit of the red outlines to the fossil material where the fossil 74 

material is present and that where the fossil material is absent (left hand parietal, nasal cavity bones, posterior orbit 75 

bones) the red contours of the warped source model follow the contours of the surrounding fossil material to replace 76 

the missing material. 77 

 78 



 79 

Figure S3. FEA results for anterior biting at the incisors and canines. Results shown for simulated bilateral biting 80 

across all anterior teeth (A-D) and unilateral left I1 biting (E-H). Mean shapes with 24 anatomical curves and 16 81 

anatomical surfaces are given for the 10 recent modern Homo sapiens (A, E) and 3 Homo neanderthalensis (B, F) 82 

(ESM). Curves and surfaces in the left hand panel (grey background) for each model are coloured according to the 83 

mean VM micro-strain for the anatomical region (i.e., mean micro-strain of the landmarks making up an anatomical 84 

curve or an anatomical surface). The right hand panels for all images (A-H) show only the anatomical curves and 85 

surfaces for which a significant difference in mean VM micro-strain between the recent modern Homo sapiens and 86 

Homo neanderthalensis groups was found for the two biting scenarios. The same curves and surfaces are shown 87 

for the single specimens of Pleistocene modern human, Mladeč 1 (C, G) and Homo heidelbergensis (D, H). 88 

 89 

 90 



 91 

Figure S4. FEA results for unilateral biting at the left 2nd molar. Mean shapes with 24 anatomical curves and 16 92 

anatomical surfaces are given for the 10 recent modern Homo sapiens (A) and 3 Homo neanderthalensis (C) (SI). 93 

Curves and surfaces are coloured according to the mean VM micro-strain for the anatomical region (i.e., mean micro-94 

strain of the landmarks making up an anatomical curve or an anatomical surface). B and D show only the anatomical 95 

curves and surfaces for which a significant difference in mean VM micro-strain between these two groups was found. 96 

The same curves and surfaces are shown for the single specimens of Pleistocene modern human, Mladeč 1 (E, F) 97 

and Homo heidelbergensis (G, H). 98 

 99 

Automated collection of FEA data 100 

The API script for automated data collection is executed as follows: a given landmark coordinate in 101 

Cartesian space is read into Matlab, the nearest node in the Strand7 (v2.4) finite element mesh is then 102 



found and is designated as the landmark node, any tetrahedral brick elements that share a common vertex 103 

with the landmark node are found, VM micro-strains of all connected elements are found and the averaged 104 

to produce a mean VM micro-strain landmark value. This final mean value is reported to the user, with the 105 

process iterated for all required landmark points and FE meshes. This API script is available on request 106 

from S.E. (samuel.evans@uon.edu.au). The strain values for each landmark were then grouped into 107 

collections of landmarks representing anatomical curves and patches. These curves and patches were 108 

coloured according to the mean strain of the landmarks defining the curve or patch (figures 3, 4). This 109 

novel method gives a convenient way to compare, visually and quantitatively compare (figures 3 & 4; 110 

figure S5) the FEA results across the sample. 111 

       Bite reaction forces in each model were collected from the constrained nodes as reaction forces 112 

normal to the occlusal plane. For the anterior tooth bite, we summed reaction forces from all four incisors 113 

and both canines, whereas molar bite forces were collected from the single M2 constraint. The efficiency 114 

of bite force production was also compared using the mechanical advantage (MA), a measure of leverage, 115 

calculated as the ratio of bite force (output) to muscle force (input). For the molar biting analysis, we also 116 

calculated reaction force data from the constrained nodes at the left and right temporomandibular joint 117 

(TMJ). These forces were recorded relative to a user-defined “triangle of support” Cartesian coordinate 118 

system formed by the constrained nodes at the bite point and two articular eminences[12].  119 

 120 

Principal Components Analysis (PCA) of sample landmark data 121 

Landmark positioning. For PCA, landmarks were placed on all crania (Table S3 & figures S3-4). Where 122 

possible, type 1 (points with anatomical description, such as suture contact points) landmarks were used. 123 

Curves were then placed along morphological curves of the crania. Semilandmarks were slid along these 124 

curves using an equidistance algorithm following previously established protocols [4, 13]. Five additional 125 

patches of slid semilandmarks were also applied to the crania to capture the morphology of anatomical 126 

surfaces of the frontal and maxilla bones (figure S3).  127 

 128 
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 129 

Figure S5. Landmark template of 203 landmarks: A) as applied to a recent modern Homo sapiens cranium (Asian 130 

female), B) the same cranium shown translucent with the ‘skinned’ landmarks (curves and patches) also shown in 131 

translucent grey, and C) the ‘skinned’ landmarks alone for this same specimen. 132 

 133 

Curves and patches of landmarks were reduced in number according to the complexity of curvature 134 

and size of the underlying anatomical curves or surfaces they were placed on. This avoids oversampling 135 

of regions of the cranium that are relatively simple to describe geometrically. The method also ensures 136 

that subsequent PCA and FEA results are not influenced by oversampling of particular regions. For 137 

example, if the landmarks were distributed evenly across the surface of the crania according to a function 138 

of surface area alone, then there would be a relatively high number of landmarks attributed to the frontal 139 

bone, with less attributed to the facial bones. As the present study is primarily concerned with capturing 140 

shape and biomechanical differences in the faces of the different specimens, such a landmark distribution 141 

would not fit the study design.   142 

The final landmark template consisted of 203 landmarks (Appendix S1). This was applied to all 15 143 

specimens in the present study. To aid in interpretation of the landmark data, for example in the 144 

subsequent PCA, slid semilandmarks placed on underlying anatomical contours were joined with curves, 145 

and slid semilandmarks that were placed on anatomical surfaces ‘skinned’ with surfaces (figure S3). 146 

Procrustes superimposition. Procrustes superimposition [14, 15] was used to minimise nuisance 147 

attributes (differences in position, orientation and geometric size) between the landmark points of the 148 

different specimens. Geometric size differences were minimised by scaling to unit centroid size [14, 15].  149 



Scatterplots of specimen PC scores and shape variation described by PC axes 1 and 2 150 

Overall, modern Homo sapiens were characterised by negative PC1 scores. Neanderthals and H. 151 

heidelbergensis had positive PC1 scores. PC1 accounted for 35.6% of the total shape variation in the 152 

sample. The statistical shape at the PC1 positive extreme (blue models in figure S5) was characterised 153 

by: lower (superior – inferior) and narrower (right-left) calvaria height at bregma, reduced angle of 154 

forehead (a more sloping forehead), anterior projection of the brow ridge (supraorbital ridge), a more 155 

vertical angle of the face, increased inferior projection of the maxilla (and premaxilla) and larger nasal 156 

aperture. How extreme PC shapes are calculated and what they represent has been detailed in previous 157 

studies[13, 16-19].  158 

 159 

 160 

Figure S6. Scatterplot of PC1 vs PC2 scores the PCA of 203 landmark points for all 15 specimens (see colour guide 161 

for key to specimens). Convex hulls show the distribution of anatomically modern humans (recent and Pleistocene), 162 

red, and Neanderthals, blue. The shape captured on the PC1 axis separates Homo sapiens from Homo 163 

neanderthalensis and Homo heidelbergensis: Homo sapiens PC1 scores were significantly different to those for 164 



Homo neanderthalensis and Homo heidelbergensis (P<0.001). The shape captured in the PC1 (horizontal) and PC2 165 

(vertical) axes is shown by the positive (blue) and negative (red) extreme shape models shown surrounding the 166 

scatterplot. 167 

 168 

Specimens with high positive PC1 scores included Homo heidelbergensis (most positive PC1 score) 169 

and Homo neanderthalensis specimens (all with similar PC1 scores). The statistical shape at the PC1 170 

negative extreme (red models in figure S4) was characterised by: higher (superior – inferior) and wider 171 

(right-left) calvaria height at bregma, increased angle of forehead (a more vertical forehead), under 172 

development of the brow ridge (supraorbital torus), a more sloping angle of the face (inferior part of the 173 

face more anterior than superior part of the face), less inferior projection of the maxilla (and premaxilla), 174 

smaller nasal aperture. Specimens with high negative PC1 scores were the recent and Pleistocene Homo 175 

sapiens (Peruvian: most negative PC1 score), (figure S4).  176 

PC2 accounted for 22.5% of the total shape variation in the sample. The statistical shape at the PC2 177 

positive extreme (figure S4) was characterised by: a wider (right-left) calvaria at bregma and between the 178 

frontal-temporal and frontal-sphenoid contacts, pronounced vertical angle of forehead (a very vertical 179 

forehead), anterior projection of the mid face, marked decrease in inferior projection of the maxilla (and 180 

premaxilla). The specimen with the most positive PC2 score was a recent Homo sapiens (Khoe-San 181 

female). The statistical shape at the PC2 negative extreme (red models in figure S4) was characterised 182 

by: a narrower (right-left) calvaria at bregma and between the frontal-temporal and frontal-sphenoid 183 

contacts, intermediate angle of forehead, increased inferior projection of the maxilla (and premaxilla). The 184 

specimen with the most negative PC2 score was a recent modern human (Inuit male) and see figure S4. 185 

Regression analyses. We performed univariate and multivariate regression analyses on PC shape 186 

scores with centroid size to examine potential relationships between shape and size in our data. 187 

Whole sample. Univariate regression analyses of PC 1-9 (which together described 91.2% of the sample 188 

shape variation) scores against Ln (natural log) of Centroid Size (CS) showed a significant positive 189 

relationship between PC 1 and CS (P < 0.001, R2 = 0.67). Multivariate regression of all PC1-9 scores 190 

against CS showed a significant relationship (P = 0.009, R2 = 0.95) between shape and CS. 191 

Groups. Univariate regression analyses of PC 1-9 scores against Ln CS for groupings of all recent 192 

modern H. sapiens (n = 10), H. neanderthalensis (n =3), recent and Pleistocene (Mladeč 1) H. sapiens (n 193 



= 11), H. neanderthalensis and H. heidelbergensis (n = 4), only showed a significant negative relationship 194 

(P = 0.034, R2 =0.45) between PC2 and CS for the recent modern H. sapiens and recent combined with 195 

Pleistocene H. sapiens groupings. No other groupings showed any significant relationship between PC1-196 

9 scores and CS.  197 

     Although there is an apparent strong (inter-specific) relationship between PC1 scores and shape 198 

scores 1-9 (multivariate analysis), similar strong relationships are not apparent in the groupings (intra-199 

specific) analyses. Therefore, either the (PC1 and multivariate) shape identified by the PCA is inter-200 

specific allometric shape, and this inter-specific allometric shape is different from intra-specific allometric 201 

shape in either H. sapiens or H. neanderthalensis groups, or the apparent relationship of shape with size 202 

is coincidental. A coincidental relationship could occur in our current sample as the fossil specimens were 203 

(including Mladeč 1) larger than the majority of our recent modern H. sapiens specimens, with the fossil 204 

specimens also displaying the shape identified at the positive extreme of the PC1 axis, whereas the H. 205 

sapiens (recent and Pleistocene) are all close to the negative PC1 extreme (figure S4). With the current 206 

sample size, it is not possible to draw definitive conclusions about the potential relationship between 207 

shape and size at inter or intra-specific level. 208 

 209 

Figure S7 | Mean VM micro-strain (bilateral anterior bite loadcase) for the maxillary patch (indicated by arrow) in 210 

each of the 15 specimens included in FEA.  211 



 212 

Table S1. Data from FEA modelling for bilateral biting across all anterior teeth, unilateral incisor biting, and 213 

unilateral 2nd molar (M2) biting, with muscle forces scaled to cranial volume2/3. Muscle forces, bite reaction 214 

forces (BRF), and joint reaction force (JRF) at the working (WS) and balancing (BS) sides are shown in 215 

Newtons (N). Bite point leverages were compared using the mechanical advantage (MA), calculated as the 216 

ratio of bite force to muscle force. 217 

Model Muscle Force   Full Anterior Bite   Left Incisor 1 Bite   Left Molar 2 Bite 

      BRF MA   BRF MA WS JRF BSJRF   BRF MA WS JRF BSJRF 

KhoeSanFem 991  363 0.37  341 0.34 -240 -275  631 0.64 7 -255 

CaucMale 1087  400 0.37  374 0.34 -272 -329  730 0.67 35 -310 

EuroFem 1118  412 0.37  378 0.34 -272 -333  760 0.68 26 -307 

ChinMale 1266  470 0.37  435 0.34 -334 -327  835 0.66 8 -325 

MalayFem 790  297 0.38  270 0.34 -208 -223  534 0.68 16 -235 

InuitMale 1241  463 0.37  437 0.35 -304 -328  790 0.64 5 -312 

InuitFem 901  338 0.38  330 0.37 -210 -230  602 0.67 36 -229 

PacIslMale 1236  483 0.39  458 0.37 -307 -339  845 0.68 7 -333 

PeruFem 886  346 0.39  315 0.36 -205 -231  626 0.71 23 -204 

EuroMale 1019  361 0.35  330 0.32 -240 -280  642 0.63 20 -245 

Mladeč 1 1210  460 0.38  432 0.36 -297 -335  910 0.75 44 -297 

Broken Hill 1 1492  428 0.29  400 0.27 -322 -358  719 0.48 -7 -327 

La Ferrassie 1 1179  411 0.35  375 0.32 -256 -360  609 0.52 -44 -334 

La Chapelle 1 1262  379 0.3  359 0.28 -337 -368  655 0.52 -80 -359 

Gibraltar 1 1041   322 0.31   306 0.29 -245 -302   480 0.46 -64 -310 

 218 

 219 

Computational Fluid Dynamics 220 

 221 

We used Maya (Autodesk, CA) to morph the airway model of UNC013 to fit the nasal cavities of fossil 222 

specimens. Each morphed airway was then compressed to achieve the proportional values obtained from 223 

our modern human samples (figure S6). As neither La Chapelle-aux-Saints 1 nor Broken Hill 1 preserved 224 

the fleshy nasal vestibule, the nasal vestibule of UNC013 was retained with only minor manipulations to 225 

better fit the shape of the bony nasal aperture. An extension from the choana was added to each nasal 226 

model to simulate the pharynx and ensure fully developed flow of the air field prior to reaching the choana 227 

during expiration. No data was recorded for this artificial extension. 228 

     Airway casts were converted into volumetric, tetrahedra-hexahedral hybrid mesh models using ICEM 229 

CFD (ANSYS Inc, PA). Boundary conditions simulated physiologically realistic airflows: a pressure outlet 230 



at the terminus of the artificial pharynx, a pressure inlet at the nostril, and impermeable wall boundaries 231 

placed on the nasal vestibule and the cavum nasi proprium (CNP, figure S7).  232 

 For the extinct species a two pass approach was performed to reconstruct soft tissue. The first 233 

involved making a digital cast of the nasal cavity in the digitally reconstructed crania of La Chapelle-aux-234 

Saints 1 and Broken Hill 1. This bony-bounded nasal passage [20] provided an outline for the soft-tissue 235 

nasal passage. To determine the thickness of soft tissue we measured nasal breadth and volume in the 236 

two modern human specimens with soft tissue, and following previously described methods [20], 237 

calculated the proportional difference between the soft-tissue and bony-bounded nasal passage breadths, 238 

along with the average radial distance from the centre of the air field to the nasal walls. The airway 239 

composed 49% of the available nasal cavity space prior to the conchal meatuses, 42% of the inferior 240 

concha space, 21% of the middle concha space, 19% of the superior concha space and 54% of the 241 

nasopharyngeal space. These proportions were used to determine the areal extent of the nasal meatuses 242 

in the two extinct hominin taxa and ULCA210 (Tables S2–S3). 243 

 244 

Table S2 | Average bony-bounded airway breadth (mm) in modern humans and both extinct hominids. 245 

 Species 

Anatomy H. sapiens H. neanderthalensis H. heidelbergensis 

CNP (prior to meatuses) 3.44 6.42 5.51 

Inferior meatus 3.77 4.54 6.59 

Middle meatus 4.81 4.12 4.54 

Superior meatus 2.4 3.94 1 

Nasopharyngeal duct 5.89 8.76 4.8 

 246 
 247 

Table S3. Soft-tissue airway breadth (mm) in modern humans (average) and estimated in both extinct  248 

Anatomy H. sapiens ULAC210 H. neanderthalensis H. heidelbergensis 

CNP (prior to meatuses) 1.7 1.47 3.16 2.71 

Inferior meatus 1.12 0.94 1.92 2.78 

Middle meatus 1.0 0.44 0.85 0.93 

Superior meatus 0.45 0.40 0.74 0.19 



Nasopharyngeal duct 3.05 2.30 4.7 2.58 

 249 

 250 

 251 

Table S4. Calculated flow variables for each species (flow rate = one side of nose only) and respired air 252 

temperatures. 253 

 

Calculated flow variables 

 

Species Mass (kg) 
Tidal volume 

(ml) 

Breathing frequency 

(breaths/min) 
Flow rate (ml/s) 

H. sapiens 60–109 544–1,011 15.8—18.5 170–270 

H. neanderthalensis 77 707 17.3 200 

H. heidelbergensis 74 672 17.5 200 

Respired air temperatures for the 100 ml/s models 

Species Choana temperature (inspiration) 
Nostril temperature 

(expiration) 

H. sapiens 35.6–35.7°C 2.4–1.6°C 

H. neanderthalensis 33.5°C 5.9°C 

H. heidelbergensis 31.2°C 7.8°C 

Respired air temperatures for mass-dependent flow rate models 

Species Choana temperature (inspiration) 
Nostril temperature 

(expiration) 

H. sapiens 32.3–33.5°C 8.3–4.5°C 

H. neanderthalensis 30.0°C 10.7°C 

H. heidelbergensis 27.2°C 16.1°C 

 254 

 255 
Table S5. Energy savings for each model. 256 

 

Common flow (100 ml/s) 



 257 
 258 
 259 

 260 

 261 

 262 

 263 

 264 

 265 

 266 

Table S6 Total nasal valve area by piriform aperture area for the taxa tested. Modern 

human data are averaged from 4 European and 2 African specimens 

Taxon Piriform aperture area (mm2) 
Total nasal valve area 

(mm2) 

Human (European) 2027.84 170.4 

Human (African) 1518.57 168.6 

H. neanderthalensis 2811.38 236.16 – 312.06 

H. heidelbergensis 2127.33 178.7 – 236.13 

 267 

Table S7 Temperature measurements at the choana of airway models with different nasal 

valves (flow rate = 100 ml/s) 

Taxon Constricted valve Relaxed valve 

H. neanderthalensis 32.79 33.49°C 

H. heidelbergensis 30.39°C 31.24°C 

 268 

A major component to heat transfer in the nasal passage is the amount of mucosa available for heat to 269 

move across. All four hominids show comparable surface area to volume ratios (SA/V), with the modern-270 

humans showing the highest ratios, followed by Broken Hill 1 and La Chapelle Aux Saints (Table). That 271 

Neanderthal outperformed Broken Hill 1 in heat transfer, despite a lower SA/V is telling and points to 272 

another key factor in heat transfer within the nasal passage: air residence time. The larger volume of the 273 

nasal passage in Neanderthal, decreased the magnitude of air velocity within the nasal passage and 274 

 

Taxon 
Energy used 
(inhalation) 

Energy saved 
(exhalation) 

Efficiency (%) 

H. sapiens 23.7 cal 22.3–22.8 cal 94–96 

H. neanderthalensis 24.4 cal 21.6 cal 89 

H. heidelbergensis 22.9 cal 19.5 cal 85 

 

Proportional flow rate 

Taxon 
Energy used 
(inhalation) 

Energy saved 
(exhalation) 

Efficiency (%) 

H. sapiens 23.7 cal 19.9–21.6 cal 84–91 

H. neanderthalensis 24.4 cal 19.5 cal 80 

H. heidelbergensis 22.9 cal 15.6 cal 68 



allowed for greater heat transfer to take place within the nasal passage, offsetting the reduced SA/V in 275 

this specimen.  276 

Table S8 Surface area and volume of physiologically active tissue in the nasal cavity 

Taxon Surface Area (mm2) Volume (mm3) 

Surface 

Area / 

Volume 

H. sapiens (European) 13001 15865 0.82 

H. sapiens (African) 11957 15050 0.79 

H. neanderthalensis 12911 17273 0.75 

H. heidelbergensis 8954 11289 0.79 

 277 

  278 

Figure S8. Bony-bounded and soft-tissue airway comparisons in Neanderthal. (A) Axial view of skull with zoomed-279 

in region showing soft-tissue airway within the confines of the bony-bounded air space. Axial cross sections show 280 

the difference in area between the bony-bounded nasal passage and the soft-tissue corrected nasal passage. (B) 281 



Right medial view of skull. Zoomed in region shows the relationship between the soft-tissue airway and the 282 

surrounding hard-tissue-based airway. Red dashed line indicates location of cross sections in A. Abbreviations: inf 283 

meat, inferior meatus; mid meat, middle meatus. 284 

 285 

      286 

 287 

Figure S9. Boundary condition assignment for Homo sapiens (UNC013) for the inspiratory flow model. Hatched 288 

areas indicate cut bone. 289 

 290 

 291 

 292 



 293 

 294 

Figure S8. Example AMR comparison between multiple versions of the different airway models, looking at the 295 

temperature gradient across a portion of the inferior meatus. Tables (right) reflect temperature values from the same 296 

surface points in each model version. 297 

 298 

Mesh independence. To ensure that the resolution of the CFD mesh would not affect the results obtained 299 

from our analyses we ran a solution-based adaptive mesh refinement (AMR) following published 300 

protocols[21]. We used gradients of velocity magnitude and temperature as our variables of interest to 301 

determine mesh independence. Surface lines placed across different areas of each nasal passage were 302 

used to visualize these gradients between iterations (figure S8). Mesh independence was determined 303 

when the results obtained between models differed by <1%. The high starting resolution of our models 304 

(>1 million elements) coupled with the use of a more efficient tet-hex hybrid mesh design resulted in most 305 

models achieving mesh independence after 1–2 refinements (figure S8).  306 



Energy calculations.            307 

We calculated the caloric cost of heating one breath of air by first determining the approximate mass of 308 

air in a single breath at 0°C and 20% relative humidity, as well as at 37°C and 100% relative humidity. 309 

The latter being the limiting factor on air inside the lungs. These values were multiplied by the specific 310 

heat capacity of air (0.24 cal/g°C). Results were multiplied by the difference in temperature between the 311 

nostril and choana of each model. As the majority of caloric costs for heating air are due to the phase 312 

change of water [22], we added the caloric cost of the latent heat of vaporization at physiological 313 

temperatures (556 cal/g), obtained from a saturated steam table and the absolute humidity of water 314 

vaporized during inhalation. Similar calculations were performed for exhalation, but with the signs 315 

reversed to indicate heat savings. The difference between the heat added to the inhaled air and the heat 316 

returned during exhalation, determined the overall efficiency of each nasal passage (Table S5). Note that 317 

caloric data are for thermal calories (cal), not nutritional calories (kcal). 318 

Estimating maximum flow rate.  To determine the maximum flow rate for each human species we 319 

back-calculated the maximum laminar flow rate possible based on the Reynolds number [20, 23]. We 320 

focused on the transition from laminar flow to turbulent flow, as turbulence greatly increases resistance 321 

within the nasal passage and contributes to the switch from nasal breathing to oral breathing in 322 

humans[24]. For humans, the limiting region of the nasal passage for laminar flow rate was found to be 323 

near the nostril. As neither extinct human preserves evidence for the size of the nostrils, we sought a 324 

reasonable proxy for nostril size in the skull. Our survey of modern humans found a correlation between 325 

the perimeter of the nasal aperture (piriform aperture) and the area of the nostril, as described by the 326 

polynomial: 327 

𝑛𝑜𝑠𝑡𝑟𝑖𝑙 𝑎𝑟𝑒𝑎 = 0.1245𝑁2  −  19.947𝑁 +  884.71 328 

Where N = the perimeter of the nasal aperture (mm), as measured from the anterior nasal spine to the 329 

apex of the aperture, and either the left or right lateral rim. This correlation allowed us to use the nasal 330 

aperture as a rough proxy for nostril size in the extinct humans. Estimated maximal flow rates through the 331 

nostril corresponded well with estimated maximal (laminar) flow rates through the rest of the nasal 332 

passage in each human species. Thus, although this proxy for nostril size is clearly an estimate only, it 333 



provides a useful first approximation of comparative maximal flow rates between different extinct human 334 

species. 335 

CFD results expanded. All three species of Homo revealed a capacity to modify respired airflow under 336 

cold conditions. Where comparable, our results are largely in agreement with previous studies on nasal 337 

heat transfer in the nasal passages of humans [25-29]. Our models differ from these studies in that our 338 

human nasal passages were set to a higher mucosal temperature. Previous studies[30, 31] have found 339 

that the nasal passage of a healthy human oscillates between 32.1 and 34.0 °C during respiration. 340 

However, these studies were performed under relaxed conditions using much higher ambient 341 

temperatures than presented in the present study. 342 

Our Homo sapiens analyses used both a more polar-adapted nasal morphology (European and 343 

European American) and a more tropical adapted nasal morphology (African American) as previous 344 

studies have suggested that these two morphologies reflect differences in heat transfer efficiency[32-34]. 345 

Our CFD analyses produced results that agreed with these previous interpretations. The more polar-346 

adapted nasal morphology was more efficient at heating air on inhalation and reclaiming that heat during 347 

exhalation at both the common flow rate of 100 ml/s (nostril temperatures of 1.6 and 2.4°C for the 348 

European and African noses, respectively) and at the higher, mass-dependent flow rate (4.4 and 8.3°C).  349 

It has previously been demonstrated that human nasal passages are able to hold mucosal 350 

temperatures that closely reflect core body temperature[35]. The goal of our study was to compare heat 351 

transfer efficiency between the nasal passages of three different human species. As data are obviously 352 

lacking for mucosal temperatures in extinct species, we used core body temperatures, as these appear 353 

to be conserved across hominins [36, 37]. Changing mucosal temperatures to reflect the lower 354 

temperatures present in other studies would not have affected the interpretation of our results, which are 355 

here considered in comparative, not absolute contexts. Similarly, accounting for the effect of the swell 356 

bodies within the nasal conchae, would not alter the interpretation of results in this comparative context 357 

either, as heat transfer efficiency is largely independent of changes in local nasal geometry[38]. Our 358 

analysis looked at heat transfer within the CNP only. It has been argued that the nasal vestibule may 359 

contribute significantly to nasal heating and humidification [39]. However, more recent work has shown 360 

that the nasal vestibule largely acts to direct air into the CNP with only minor contributions to heat transfer 361 

[25]. 362 



The smallest opening that all respired air must pass through is the nasal valve [40, 41] at the 363 

caudal terminus of the nasal vestibule where airflow resistance is greatest. This soft-tissue structure is 364 

not preserved in our fossil specimens; however, the nasal valve is necessarily limited by the surrounding 365 

piriform aperture composing the outer wall of the nasal cavity. In our modern-humans, the combined areas 366 

of the left and right nasal valves comprised 8.4–11.1% of the total piriform aperture area in the European 367 

and African human nasal passages respectively. Assuming the same relationship for our Neanderthal and 368 

H. heidelbergensis, then their valves would have been 1.1–1.8x larger, allowing larger volumes of air to 369 

pass through the nasal passage before becoming turbulent and forcing the transition to mouth breathing. 370 

Note that our predicted maximum flow rates are likely overestimates as the nasal valve would be the 371 

ultimate rate limiter. However, our estimate of 27 L/m for modern humans is only slightly higher than the 372 

published maximum estimates of 20 L/min (Wen et al. 2008), suggesting that our predicted maximum flow 373 

rates are only slightly beyond the realistic range for these hominin species. 374 

It’s been argued that the constriction in the nasal valves of modern humans may play a role in heat 375 

transfer [39], however, this has not been supported by simulation studies [38, 42]. Instead, the nozzle 376 

effect of the valve appears to enhance airflow to the olfactory region by directing air superiorly into the 377 

nasal passage. Test simulations with our specimens, in which the nasal vestibule was changed to reflect 378 

a more constricted nasal valve, produced similar heat transfer results in our models (Table S7). 379 

 380 

Appendix S1. Landmark descriptions for all 203 landmarks used in PCA, i.e., anatomical and type (1, 2, 3: 381 
true landmarks, semi landmarks, slid semilandmarks). Additional discussion and description of placement 382 
conventions for semi and slid semilandmarks is available in a previous publication [13]. 383 

Landmark 
Number 

Type  
 

Description 
 

1 1 bregma 

2 3 midline slid semilandmark 2 between 1 (bregma) and 5 (ophryon) 

3 3 midline slid semilandmark 3 between 1 (bregma) and 5 (ophryon) 

4 3 midline slid semilandmark 4 between 1 (bregma) and 5 (ophryon) 

5 2 ophryon 

6 1 glabella 

7 3 RHS frontal bone slid semilandmark 2 between 109 & 10 

8 3 RHS frontal bone slid semilandmark 3 between 109 & 10 

9 3 RHS frontal bone slid semilandmark 4 between 109 & 10 (superior to pterion) 

10 1 RHS posterior tip of frontal - zygomatic suture 

11 1 RHS anterior tip of frontal - zygomatic suture 

12 3 RHS frontal inferior margin/rim of the RHS orbit (-superior to orbit), slid semilandmark 2 between 11 & 15 

13 3 RHS frontal inferior margin/rim of the RHS orbit (-superior to orbit), slid semilandmark 3 between 11 & 15 



14 3 RHS frontal inferior margin/rim of the RHS orbit (-superior to orbit), slid semilandmark 4 between 11 & 15 

15 2 RHS frontal superior to frontal, nasal, maxilla suture junction 

16 1 inferior tip of R & L nasal bone suture 

17 2 Mid-point between 16 & 17 

18 1 Nasion - superior tip of R & L nasal bone suture 

19 3 RHS frontal anterior superior temporal line - slid semilandmark 2 between 10 & 105 

20 3 RHS frontal anterior superior temporal line - slid semilandmark 3 between 10 & 105 

21 1 RHS frontal - zygomatic suture intermediate between 10 & 11 

22 3 RHS frontal anterior brow ridge - slid semilandmark 2 between 21 & 6 

23 3 RHS frontal anterior brow ridge - slid semilandmark 3 between 21 & 6 

24 3 RHS frontal anterior brow ridge - slid semilandmark 4 between 21 & 6 

25 1 superior tip of LHS nasal bone and maxilla suture 

26 2 Mid-point between 25 & 27 

27 1 inferior tip of LHS nasal bone and maxilla suture 

28 1 superior tip of RHS nasal bone and maxilla suture 

29 2 Mid-point between 28 & 30 

30 1 inferior tip of RHS nasal bone and maxilla suture 

31 3 RHS maxilla inferior orbit rim medial point 

32 3 RHS maxilla inferior orbit rim - slid semilandmark 2 between 31 and 33 

33 3 RHS maxilla inferior orbit rim superior medial point 

34 3 RHS maxilla nasal aperture rim, superior half - slid semilandmark between 30 & 35 

35 2 RHS maxilla nasal aperture rim, superior half, close but superior to alare  

36 3 LHS maxilla inferior orbit rim superior medial point 

37 3 LHS maxilla inferior orbit rim - slid semilandmark 2 between 36 and 38 

38 3 LHS maxilla inferior orbit rim medial point 

39 3 LHS maxilla nasal aperture rim, superior half - slid semilandmark between 40 & 27 

40 2 LHS maxilla nasal aperture rim, superior half, close but superior to alare  

41 2 RHS zygomatic - frontal suture, intermediate between 52 & 47 

42 3 RHS zygomatic, slid semilandmark 2 between 41 & 43 

43 3 RHS zygomatic, intermediate between 51 and 49 

44 2 LHS zygomatic - frontal suture, intermediate between 64 & 69 

45 3 LHS zygomatic, slid semilandmark 2 between 44 & 46 

46 3 LHS zygomatic, intermediate between 66 and 71 

47 2 RHS anterior rim of zygomatic superior point - immediately inferior to frontal - R zygomatic suture anterior tip 

48 3 RHS zygomatic orbit rim - slid semilandmark 2 between 47 & 51 

49 3 RHS zygomatic orbit rim - slid semilandmark 3 between 47 & 51 

50 3 RHS zygomatic orbit rim - slid semilandmark 4 between 47 & 51 

51 1 RHS zygomatic - maxilla suture close to R orbitale 

52 1 RHS zygomatic - frontal suture lateral most point 

53 3 RHS zygomatic - between 52 & 54 

54 1 RHS zygomatic - jugal point 

55 1 RHS zygomatic, sphenoid suture inferior  

56 3 RHS zygomatic - slid semilandmark between 55 & 57 

57 1 RHS zygomatic, frontal, sphenoid suture superior  

58 2 RHS maxilla posterior surface,  inferior to maxilla zygomatic suture  

59 3 RHS zygomatic posterior surface, slid semilandmark between 58 & 60 

60 2 RHS zygomatic posterior surface, frontal suture superior, between 57 & 52 

61 1 RHS zygomatic - maxilla suture posterior aspect, inferior tip 



62 3 RHS zygomatic - maxilla suture posterior aspect, slid semilandmark between 61 & 63 

63 1 RHS zygomatic - maxilla suture posterior aspect, superior tip 

64 2 LHS anterior rim of zygomatic superior point - immediately inferior to frontal - L zygomatic suture anterior tip 

65 3 LHS zygomatic orbit rim - slid semilandmark 2 between 64 & 68 

66 3 LHS zygomatic orbit rim - slid semilandmark 3 between 64 & 68 

67 3 LHS zygomatic orbit rim - slid semilandmark 4 between 64 & 68 

68 1 LHS zygomatic - maxilla suture close to L orbitale 

69 1 LHS zygomatic - frontal suture lateral most point 

70 3 LHS zygomatic - bewteen 69 & 71 

71 1 LHS zygomatic - jugal point 

72 2 LHS zygomatic posterior surface, frontal suture superior, between 60 & 78 

73 3 LHS zygomatic posterior surface, slid semilandmark between 72 & 74 

74 2 LHS maxilla posterior surface,  inferior to maxilla zygomatic suture  

75 1 LHS zygomatic - maxilla suture posterior aspect, inferior tip 

76 3 LHS zygomatic - maxilla suture posterior aspect, slid semilandmark between 75 & 77 

77 1 LHS zygomatic - maxilla suture posterior aspect, superior tip 

78 1 LHS zygomatic, sphenoid suture inferior  

79 3 LHS zygomatic - slid semilandmark between 55 & 57 

80 1 LHS zygomatic, frontal, sphenoid suture superior  

81 1 LHS posterior tip of frontal - zygomatic suture 

82 2 LHS frontal anterior superior temporal line - slid semilandmark intermediate between 81 & 187 

83 2 LHS frontal superior to frontal, nasal, maxilla suture junction 

84 3 LHS frontal inferior margin/rim of the LHS orbit (-superior to orbit), slid semilandmark 2 between 83 & 87 

85 3 LHS frontal inferior margin/rim of the LHS orbit (-superior to orbit), slid semilandmark 3 between 83 & 87 

86 3 LHS frontal inferior margin/rim of the LHS orbit (-superior to orbit), slid semilandmark 4 between 83 & 97 

87 1 LHS anterior tip of frontal - zygomatic suture 

88 3 LHS frontal anterior brow ridge - slid semilandmark 2 between 6 & 91 

89 3 LHS frontal anterior brow ridge - slid semilandmark 3 between 6 & 91 

90 3 LHS frontal anterior brow ridge - slid semilandmark 4 between 6 & 91 

91 1 LHS frontal - zygomatic suture intermediate between 81 & 87 

92 3 LHS frontal bone slid semilandmark 2 between 81 & 203 

93 3 LHS frontal bone slid semilandmark 3 between 81 & 203 

94 3 LHS frontal bone slid semilandmark 4 between 81 & 203 (superior to pterion) 

95 2 LHS zygomatic arch anterior point 

96 3 LHS zygomatic arch - slid semilandmark 2 between 96 & 99 

97 3 LHS zygomatic arch - slid semilandmark 3 between 96 & 99 

98 3 LHS zygomatic arch - slid semilandmark 4 between 96 & 99 

99 2 LHS zygomatic arch posterior point superior to TMJ 

100 2 RHS zygomatic arch anterior point 

101 3 RHS zygomatic arch - slid semilandmark 2 between 100 & 104 

102 3 RHS zygomatic arch - slid semilandmark 3 between 100 & 104 

103 3 RHS zygomatic arch - slid semilandmark 4 between 100 & 104 

104 2 RHS zygomatic arch posterior point superior to TMJ 

105 1 RHS frontotemporale 

106 3 RHS superior temporal line - patch slid semilandmark 2 between 105 & 109 

107 3 RHS superior temporal line - patch slid semilandmark 3 between 105 & 109 

108 3 RHS superior temporal line - patch slid semilandmark 4 between 105 & 109 

109 1 RHS stephanion 



110 3 RHS frontal bone superior surface - patch slid semilandmark 2 between 105 & 5 

111 3 RHS superior temporal line - patch slid semilandmark 2 between 110 & 114 

112 3 RHS superior temporal line - patch slid semilandmark 3 between 110 & 114 

113 3 RHS superior temporal line - patch slid semilandmark 4 between 110 & 114 

114 3 RHS frontal bone superior surface - patch slid semilandmark 2 between 109 & 1 

115 3 RHS frontal bone superior surface - patch slid semilandmark 3 between 105 & 5 

116 3 RHS superior temporal line - patch slid semilandmark 2 between 115 & 119 

117 3 RHS superior temporal line - patch slid semilandmark 3 between 115 & 119 

118 3 RHS superior temporal line - patch slid semilandmark 4 between 115 & 119 

119 3 RHS frontal bone superior surface - patch slid semilandmark 3 between 109 & 1 

120 3 RHS frontal bone superior surface - patch slid semilandmark 4 between 105 & 5 

121 3 RHS superior temporal line - patch slid semilandmark 2 between 120 & 124 

122 3 RHS superior temporal line - patch slid semilandmark 3 between 120 & 124 

123 3 RHS superior temporal line - patch slid semilandmark 4 between 120 & 124 

124 3 RHS frontal bone superior surface - patch slid semilandmark 4 between 109 & 1 

125 3 RHS maxilla superior medial point intermediate to 31 & 35 - patch slid semilandmark 

126 3 RHS maxilla - patch slid semilandmark 2 between 125 & 129 

127 3 RHS maxilla - patch slid semilandmark 3 between 125 & 129 

128 3 RHS maxilla - patch slid semilandmark 4 between 125 & 129 

129 1 RHS zygomatic anterior-lateral-inferior tip 

130 3 RHS maxilla - patch slid semilandmark 

131 3 RHS maxilla - patch slid semilandmark 

132 3 RHS maxilla - patch slid semilandmark 

133 3 RHS maxilla - patch slid semilandmark 

134 3 RHS maxilla - patch slid semilandmark 

135 3 RHS maxilla - patch slid semilandmark 

136 3 RHS maxilla - patch slid semilandmark 

137 3 RHS maxilla - patch slid semilandmark 

138 3 RHS maxilla - patch slid semilandmark 

139 3 RHS maxilla - patch slid semilandmark 

140 3 RHS maxilla - patch slid semilandmark 

141 3 RHS maxilla - patch slid semilandmark 

142 3 RHS maxilla - patch slid semilandmark 

143 3 RHS maxilla - patch slid semilandmark 

144 3 RHS maxilla - patch slid semilandmark 

145 2 RHS maxilla superior to canine - patch slid semilandmark 

146 3 RHS maxilla - patch slid semilandmark 

147 3 RHS maxilla - patch slid semilandmark 

148 3 RHS maxilla - patch slid semilandmark 

149 2 RHS maxilla superior to Molar 2 

150 2 RHS maxilla inferior alare 

151 1 nasospinale - superior tip of L & R maxilla suture at the inferior margin of the nasal aperture 

152 2 LHS maxilla inferior alare 

153 2 RHS maxilla mid-point between 150 & 156 

154 2 Mid-point between 151 & 157 

155 2 LHS maxilla mid-point between 152 & 158 

156 2 RHS maxilla superior to incisor 2 - canine gap 

157 1 prosthion - inferior tip of the L & R maxilla suture 



158 2 LHS maxilla superior to incisor 2 - canine gap 

159 1 RHS zygomatic anterior-lateral-inferior tip 

160 3 LHS maxilla - patch slid semilandmark 

161 3 LHS maxilla - patch slid semilandmark 

162 3 LHS maxilla - patch slid semilandmark 

163 2 LHS maxilla superior to canine - patch slid semilandmark 

164 3 LHS maxilla - patch slid semilandmark 

165 3 LHS maxilla - patch slid semilandmark 

166 3 LHS maxilla - patch slid semilandmark 

167 3 LHS maxilla - patch slid semilandmark 

168 3 LHS maxilla - patch slid semilandmark 

169 3 LHS maxilla - patch slid semilandmark 

170 3 LHS maxilla - patch slid semilandmark 

171 3 LHS maxilla - patch slid semilandmark 

172 3 LHS maxilla - patch slid semilandmark 

173 3 LHS maxilla - patch slid semilandmark 

174 3 LHS maxilla - patch slid semilandmark 

175 2 LHS maxilla superior to canine - patch slid semilandmark 

176 3 LHS maxilla - patch slid semilandmark 

177 3 LHS maxilla - patch slid semilandmark 

178 3 LHS maxilla - patch slid semilandmark 

179 1 LHS zygomatic anterior-lateral-inferior tip 

180 3 LHS maxilla - patch slid semilandmark 

181 3 LHS maxilla - patch slid semilandmark 

182 3 LHS maxilla - patch slid semilandmark 

183 2 LHS maxilla superior to Molar 2 

184 3 LHS frontal - patch slid semilandmark 

185 3 LHS frontal - patch slid semilandmark 

186 3 LHS frontal - patch slid semilandmark 

187 1 LHS frontotemporale 

188 3 LHS frontal - patch slid semilandmark 

189 3 LHS frontal - patch slid semilandmark 

190 3 LHS frontal - patch slid semilandmark 

191 3 LHS frontal - patch slid semilandmark 

192 3 LHS frontal - patch slid semilandmark 

193 3 LHS frontal - patch slid semilandmark 

194 3 LHS frontal - patch slid semilandmark 

195 3 LHS frontal - patch slid semilandmark 

196 3 LHS frontal - patch slid semilandmark 

197 3 LHS frontal - patch slid semilandmark 

198 3 LHS frontal - patch slid semilandmark 

199 3 LHS frontal - patch slid semilandmark 

200 3 LHS frontal - patch slid semilandmark 

201 3 LHS frontal - patch slid semilandmark 

202 3 LHS frontal - patch slid semilandmark 

203 1 LHS stephanion 

 384 

 385 
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