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Figure 2. The circular representation of cortical anatomy and WM connectivity from N = 110 normal right-handed males (age 25–
36). The outermost ring shows the various brain regions arranged by lobe (fr – frontal; ins – insula; lim – limbic; tem – temporal; par – parietal; occ-
occipital; nc – non-cortical; bs – brain stem; CeB - cerebellum) and further ordered anterior-to-posterior based upon the centers-of-mass of these
regions in the published Destrieux atlas [72] (see also Table 6 for complete region names, abbreviations, and FreeSurfer IDs, and Table 7 for the
abbreviation construction scheme). The left half of the connectogram figure represents the left-hemisphere of the brain, whereas the right half
represents the right hemisphere with the exception of the brain stem, which occurs at the bottom, 6 o’clock position of the graph. The lobar
abbreviation scheme is given in the text. The color map of each region is lobe-specific and maps to the color of each regional parcellation as shown in
Fig. S2. The set of five rings (from the outside inward) reflect average i) regional volume, ii) cortical thickness, iii) surface area, and iv) cortical curvature
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Figure 3. Mean connectivity affected by the presence of the tamping iron combined across subjects. The lines in this connectogram
graphic represent the connections between brain regions that were lost or damaged by the passage of the tamping iron. Fiber pathway damage
extended beyond the left frontal cortex to regions of the left temporal, partial, and occipital cortices as well as to basal ganglia, brain stem, and
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the affected regions and those to which they connect were also
affected (see Fig. 5A). This suggests that, not surprisingly, with
significant loss of WM connectivity between left frontal regions
and the rest of the brain, the surviving network of brain was likely
to have been heavily impaired and its functions considerably
compromised.

To further provide a baseline for comparison of the tamping
iron lesion against similarly-sized lesions located elsewhere in the
cortex, we conducted a systematic random simulation of 500
similarly-sized lesions across our N = 110 healthy subject cohort.
The network containing the lesion due to the tamping iron was
systematically compared against the distributions of the above
mentioned metrics from the simulated lesion set. When paired t-

Figure 1. Modeling the path of the tamping iron through the Gage skull and its effects on white matter structure. a) The skull of
Phineas Gage on display at the Warren Anatomical Museum at Harvard Medical School. b) CT image volumes were reconstructed, spatially aligned,
and manual segmentation of the individual pieces of bone dislodged by the tamping iron (rod), top of the cranium, and mandible was performed.
Surface meshes for each individual element of the skull were created. Based upon observations from previous examinations of the skull as well as
upon the dimensions of the iron itself, fiducial constraint landmarks were digitally imposed and a set of possible rod trajectories were cast through
the skull. This figure shows the set of possible rod trajectory centroids which satisfied each of the anatomical constraints. The trajectory nearest the
mean trajectory was considered the true path of the rod and was used in all subsequent calculations. Additionally, voxels comprising the interior
boundary and volume of the cranial vault were manually extracted and saved as a digital endocast of Mr. Gage’s brain cavity. c) A rendering of the
Gage skull with the best fit rod trajectory and example fiber pathways in the left hemisphere intersected by the rod. Graph theoretical metrics for
assessing brain global network integration, segregation, and efficiency [92] were computed across each subject and averaged to measure the
changes to topological, geometrical, and wiring cost properties. d) A view of the interior of the Gage skull showing the extent of fiber pathways
intersected by the tamping iron in a sample subject (i.e. one having minimal spatial deformation to the Gage skull). The intersection and density of
WM fibers between all possible pairs of GM parcellations was recorded, as was average fiber length and average fractional anisotropy (FA) integrated
over each fiber.
doi:10.1371/journal.pone.0037454.g001
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vious� diagnoses� (Harlow,� 1848,� 1868;�Bigelow,�1850;
Damasio,�1994;�Macmillan,�2000)� that� the�bar� entered
through� Gage’s� left� cheek� under� the� zygomatic� and
through� the� greater� and� lesser� wings� of� the� sphenoid,
sparing�the�coronoid�process�of�the�mandible�(also�con-
firming�Bigelow’s�inference�that�Gage�must�have�had�his
mouth�open�at�the�time�of�the�impact)�(Bigelow,�1850).
Interpreting�the�exit�site�is�more�complex�and�differs�from
that�estimated�by�previous�reconstructions.�Although�pre-
vious�studies,�such�as�Damasio�(1994),�have�focused�on

the�main�flap�of�bone�that�crosses�the�midline�of�the�skull
(ant in�Fig.�1a,b),�there�is�also�a�second,�previously�un-
documented�bone�flap�(lt in�Fig.�1a,b)�that�lies�completely
on�the�left�side�of�the�skull�and�posterior�to�the�first�flap.
Midway�between�the�two�flaps�is�a�hole,�where�presum-
ably�the�frontal�bone�suffered�a�comminutive�fracture,�at
the�point�of� exit�of� the�bar’s� tip.�Healing�around�both
flaps�suggests�that,�as�the�bar�exited,�the�flaps�hinged�out-
ward�and�then�were�drawn�back�into�place.�The�left�flap
was�still�attached�to�the�dura,�and�healed�normally,�but
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FIG.�1. Photographs�of�Phineas�Gage’s�skull.�cr—crack�through�the�frontal�bone;�fr—partially�consolidated�fracture�line�through
the�maxilla;�ant—anterior�bone�flap�at�the�exit�site;�lt—left�(posterior)�bone�flap�at�the�exit�site;�fi—fissure�through�the�squama
temporalis;�s-t—spheno-temporal�suture;�oc—optic�canal�(a)�Overview�of�the�skull.�(b)�Closeup�of�the�calvarium�viewed�from
the�inside.�(c)�Closeup�of�the�maxilla.�(d)�Lateral�view�of�the�squama�temporalis.�(e)�Infero-lateral�view.�(f)�Superior�view�of�the
entry�site�with�the�calvarium�removed.�The�circled�areas�in�d,�e,�and�f�indicate�the�entry�site�of�the�iron.�(Reprinted�with�per-
mission�from�the�Warren�Anatomical�Museum,�Francis�A.�Countway�Library�of�Medicine.)

FIG.�2. The�computer-generated�model�of�the�skull,�based�on�CT�scans�and�the�computer-generated�model�of�the�tamping�iron,
built�to�scale.�A�stump�of�the�tamping�iron�is�shown,�and�the�zygomatic�bone�is�not�shown.�Violet,�right�side;�pink,�left�side.
(Reprinted�with�permission�from�the�Warren�Anatomical�Museum,�Francis�A.�Countway�Library�of�Medicine.)
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La partecipazione degli studenti



Risultati: vantaggi e svantaggi

E1: Questa lezione immersiva è 
stata più efficace di una lezione 
frontale sullo stesso argomento 
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Prospettive di apprendimento 
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