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Abstract

Background: The planum temporale (PT) is well known for its classic “pie-shaped” morphology. The aim of this study is to create a taxonomy of PT 
morphological features to improve its sometimes difficult identification and differentiation from surrounding structures.

Material and methods: Material: A total of 50 normal, high-resolution T1-weighted brain MRIs (100 hemispheres) were obtained from the 
Open Access Series of Imaging Studies (OASIS) repository. Ages ranged from 18 to 57 years.

Methods: A 3D cortical surface mesh (grey matter) was generated using neuroimaging software. The PT was isolated based on pre-defined 
criteria and stratified into different classifications. Quantitative measurements were also taken.

Results: A total of four PT configurations were identified: (1) Pie-shaped [45%], 508.8 mm2; (2) Trapezoid-shaped [27%], 540.4 mm2, (3) 
Rectangular-shaped [19%], 477.7 mm2; and (4) Amorphous/none [9%], not calculable. The trapezoid-shaped PT category occurred signifi-
cantly more often in females.

Conclusions: The proposed classification is the first step in creating a comprehensive taxonomy of PT. This will help neuroanatomists, clini-
cians, and students identify the PT and differentiate it from surrounding structures.
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WARIANCJA MORFOLOGICZNA I ZWIĄZANA Z NIĄ TAKSONOMIA 
PŁASZCZYZNY SKRONIOWEJ

Streszczenie

Wstęp: Klasyczna kołowa morfologia płaszczyzny skroniowej (planum temporale, PT) jest dobrze znana. Celem pracy jest stworzenie takso-
nomii cech morfologicznych PT, aby poprawić jej czasami trudną identyfikację i ułatwić odróżnienie jej od otaczających struktur.

Materiał i metody: Materiał: Z repozytorium Open Access Series of Imaging Studies (OASIS) uzyskano w sumie 50 normalnych, wysokiej 
rozdzielczości T1-zależnych obrazów MRI (100 półkul mózgowych). Wiek pacjentów wahał się od 18 do 57 lat.

Metody: Za pomocą oprogramowania do neuroobrazowania wygenerowano trójwymiarową siatkę powierzchni korowej (istota szara). PT wyod-
rębniono na podstawie wcześniej zdefiniowanych kryteriów i ułożono według różnych klasyfikacji. Wykonano również pomiary ilościowe.

Wyniki: Zidentyfikowano łącznie cztery konfiguracje PT: (1) w kształcie koła [45%], 508,8 mm2; (2) w kształcie trapezu [27%], 540,4 mm2, (3) 
w kształcie prostokąta [19%], 477,7 mm2 oraz (4) płaszczyznę bezpostaciową lub jej brak [9%], niemierzalną. PT w kształcie trapezu wystę-
powała znacznie częściej u kobiet.

Wnioski: Proponowana klasyfikacja jest pierwszym krokiem do utworzenia kompleksowej taksonomii PT, która dla specjalistów z dziedziny 
neuroanatomii, lekarzy i studentów będzie pomocna w identyfikowaniu PT i odróżnianiu tej płaszczyzny od otaczających struktur.

Słowa kluczowe: anatomia • kora słuchowa • płaszczyzna skroniowa • ośrodki słuchowe układu nerwowego • górna płaszczyzna skroniowa

Background

No two brains are exactly alike. There is a high degree of 
morphological and topographic variation across individual 
brains, which can make identification of specific anatomi-
cal landmarks and structures challenging [1]. In a broader 
context, individual morphological variation limits inter-
pretation and generalization of structure–function rela-
tionships. Cortical auditory areas are not immune to this. 
Regions of the brain responsive to auditory stimuli are 
primarily located in the temporal lobe, more specifically 
on the superior temporal plane (STP) that makes up the 
dorsal aspect of the superior temporal gyrus (STG) [2–5]. 
Traditionally, the auditory cortex has been described as 

being composed of two parts: primary and secondary audi-
tory areas. A cortical grey matter structure called Heschl’s 
gyrus (HG) is thought to make up the majority of the pri-
mary auditory area, while neighboring grey matter regions 
are believed to encompass secondary auditory areas [6,7]. 
While a great deal of research has described the anatomy, 
physiology, and function of the primary auditory area 
encompassing HG, relatively less is known about second-
ary auditory areas.

The planum temporale (PT) is a crucial grey matter struc-
ture that lies in the dorsal STP directly posterior to HG. 
It has been traditionally defined as a secondary auditory 
area implicated in a variety of complex auditory processing 
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abilities. However, researchers have barely begun to scratch 
the surface of the structure–function relationship of the 
PT, even in a neurologically normal population, and of 
how morphological differences could relate to neurolog-
ical pathologies that impact on central auditory function 
[8]. Part of the complication in determining this structure–
function relationship is the difficulty in accurately identi-
fying and differentiating between cortical auditory regions 
HG and PT. This stems from the high degree of inherent 
morphological variation across individual brains and is fur-
ther complicated by the differences in criteria that define 
the anatomical boundaries of PT [1,2,8,9].

The anatomical boundaries governing PT have generally 
been informed in three different ways: cytoarchitectoni-
cally (microscopic), functionally, and by gross morphol-
ogy (macroscopic). While most previous research has 
described PT in terms of the first two dimensions, cyto-
architectonically and functionally, there are still advances 
to be made in describing its gross morphology. Given the 
wide scope of this subject, only the cytoarchitecture of the 
PT will be described. See Appendix 1 and 2 for a review 
of how the PT has been described functionally and by 
gross morphology.

Cytoarchitecture of the planum temporale

The area that would later be termed “planum temporale” 
was first described cytoarchitectonically in the early 20th 
century by the German anatomist and neurologist Korbin-
ian Brodmann. Using the Nissl method of cell staining, he 
divided post mortem human brains into 52 segments based 
on distinct patterns of neuronal arrangement. Brodma-
nn’s area 41 (BA 41) denoted primary auditory cortex, or 
modern day HG, while BA 42 and the posterior superior 
expanse of BA 22 reflected the auditory association cor-
tex, later termed PT [10]. In subsequent cytoarchitectonic 
maps, the neural substrate corresponding to the PT area is 
also referred to as TA1 [11] and Tpt [12]. The cytoarchi-
tecture of PT is demarcated by wide columns of progres-
sively larger pyramidal cells in layer III that coalesce with 
granular cells in layer IV, a hypocellular layer V with larger 
cells compared to layer VI, and radial striations projecting 
from layer III to layer VI [11–13].

However, the expanse of this cytoarchitectonic pattern 
defining PT is variable. Some studies have observed this 
area extruding posteriorly onto the temporo-parietal con-
vexity of the Sylvian fissure opercula  [2,13,14] and oth-
ers have observed it extending anteriorly to the posterior 
portion of HG duplications [15–17]. As a result, differ-
ences in criteria describing the anatomical boundaries of 
PT based on these variable cytoarchitectonic studies have 
arisen. Given the observed cytoarchitectonic variation of 
the PT area, differentiation of PT from HG based solely on 
cytoarchitecture may not always be clear or reliably gener-
alizable. Additionally, it is difficult to accurately extrapolate 
cytoarchitectonic maps to in vivo imaging studies given the 
morphological variation across individuals.

While the majority of brains have easily identifiable Hes-
chl’s gyri and planum temporale, the distinguishabil-
ity of these two structures can be difficult in some cases 
due to a high degree of individual morphological and 

topographic variation. An example of this morphologi-
cal variation is apparent in HG, which manifests in var-
ious configurations and can thus potentially complicate 
accurate identification of the PT anterior boundary. Since 
HG exhibits morphological variation, it is hypothesized 
that PT also demonstrates some degree of morphological 
variation and does not only occur in a pie-shaped or tri-
angular configuration as previous literature would sug-
gest [2,46–49].

The aim of our study is to: (i) describe PT variations based 
on gross morphological features; (ii) evaluate the surface 
area of PT variations with respect to hemisphere, and (iii) 
explore the proportion of occurrence of PT variations in 
terms of hemisphere and sex.

Material and methods

Imaging data

A total of 50 (100 hemispheres) healthy intact brain 
MRIs, 27 women and 23 men, were obtained sequen-
tially from the Open Access Series of Imaging Studies 
(OASIS) repository and included in this retrospective 
study (http://www.oasis-brains.org) [72]. Ages ranged 
from 18–57 (mean 26.4) years, and all subjects were right-
handed. High-resolution, T1-weighted MRIs for each sub-
ject were obtained on a 7 T Siemens Magnetom (Erlan-
gen, Germany) and also included MP-2RAGE T1 imaging 
(parameters: acquisition matrix 224 × 224 × 104, repe-
tition time (TR) = 5000 ms, echo time (TE) = 2.62 ms, 
flip angle = 5 deg, field of view (FOV) = 224 mm, voxel 
size = 0.5 × 0.5 × 0.5 mm).

Procedures

A 3D cortical surface mesh of grey matter for each brain 
was generated using FreeSurfer [73]. Irrelevant structures, 
such as the skull, brainstem, eyes, and white matter were 
extracted during this pre-processing stage. Additionally, 
normalization of intracranial volume and cortical surface 
area to correct for head size variations between subjects 
was achieved by utilizing a verified automated atlas scal-
ing technique [74]. Next, the BrainVISA Anatomist neu-
roimaging software [75] was used to manipulate 3D cor-
tical meshes and view the STP. The frontal and parietal 
lobes were digitally excised using the knife-cut method 
to expose the STP (Figure 3a,b). The PT region of inter-
est (ROI) was isolated using defined boundary criteria 
(Figure 3c) and then highlighted for quantitative analy-
sis. For each brain, a custom Python script was employed 
to obtain an overall surface area measurement of the ROI 
by summing the surface area of each triangular unit com-
prising the mesh.

Image analysis

Planum temporale boundaries

In order to delineate PT from its surrounding structures, 
certain criteria and clear boundaries were defined. In gen-
eral, PT was deemed to be a plane of cortical grey matter 
that was relatively level to its anterior HG. The anterior bor-
der was delimited by Heschl’s transverse sulcus [1,2,45]. In 
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cases of duplicated HGs, the most posterior transverse sul-
cus was used. Our approach was corroborated by myelo-
architectonic studies that support this border differentia-
tion of HG from PT [76,77]. The posterior boundary was 
defined as the beginning of the posterior ascending ramus 
(PAR) or the posterior termination of the main segment 
of the SF [2,44]. Between Heschl’s posterior-most trans-
verse sulcus and the termination of SF, the medial and 
lateral boundaries were demarcated by the retro-insular 
white matter and the supero-lateral boundary of the supe-
rior temporal gyrus, respectively [2,44].  These boundar-
ies are exemplified in Figure 3d.

Heschl’s gyri variations

The morphological variants of HG (Figure 2a–c) were 
defined to describe the anterior boundary of PT:

Single: This variation is defined as a single gyrus on the 
STP that is bordered anteriorly by planum polare, posteri-
orly by PT, laterally by the supero-lateral boundary of the 
STG, and medially by retro-insular white matter.

Common stem duplication (CSD):  A CSD is defined 
as a partial duplication of HG separated by a sulcus that 
extends anterolaterally to posteromedially and separates 
Heschl’s gyri but does not extend completely to the medial 
retro-insular border. This sulcus has also been referred to as 
Beck’s intermedius or the intermedius of Beck [1,9,44,45].

Complete duplication (CPD): This variant is defined as two 
HGs separated by an intermedial sulcus that extends from 
the medial retro-insular white matter border, and courses 
posteromedially to anterolaterally. The sulcus is at least 
1/3 the length of Heschl’s gyri [1,9,44,45].

Figure 3. (a) Red dashed line indicates an oblique view of the virtual clipping plane. (b) The knife-cut method utilized to 
digitally excise the frontal and parietal lobe and expose the superior temporal plane (STP). (c) A transverse view of the STP; 
the planum temporale ROI was defined using established criteria. (d) A magnified view of PT showing anatomical bound-
aries: blue solid line = Heschl’s posterior sulcus; purple double-barred line = end of the Sylvian fissure; red dotted line = 
supero-lateral edge of the superior temporal gyrus; and green arrow = retro-insular white matter boundary

Figure 2. Heschl’s gyrus variations on a 3D cortical mesh manifesting as: (a) single HG, (b) full posterior complete duplica-
tion, and (c) a common-stem duplication. The blue area bounded by dotted black line = HG area, red double-barred line = 
Beck’s intermedius, and thick black line = Heschl’s posterior-most sulcus or the anterior border of the PT
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Triple Heschl’s gyri: Less commonly observed, this vari-
ant is defined as the presence of three Heschl’s gyri. Given 
its rarity, descriptions of the sulci separating each HG are 
sparse in the literature but include both sulci that do and do 
not extend from the medial retro-insular white matter bor-
der, as described respectively in the CSD and CPD [45,78].

Criteria for describing morphological shape of pla-
num temporale

Pie shaped: Defined as the presence of three vertices, edges, 
and angles that form a triangle-like structure. The ante-
rior and posterior edges of PT course postero-medially 
and come to a point that meets at the medial retro-insu-
lar white matter border (Figure 1a).

Trapezoid shaped: Defined as the presence of 4 vertices, 
edges, and angles that form a quadrilateral-like structure. 
The anterior and posterior edges of PT course postero-
medially and medial vertices are connected by an edge 
that runs parallel to the retro-insular white matter bound-
ary. The lateral edge is demarcated by the supero-lateral 
boundary of the STG and is larger compared to the medial 
edge. The medial edge must be less than 50% of the length 
of the lateral edge (Figure 1b).

Rectangular shaped:  Defined as the presence of 4 verti-
ces, edges, and angles. Similar to the trapezoid classifica-
tion, the anterior and posterior edges course postero-medi-
ally. However, the medial edge, which is demarcated by 
the retro-insular white matter, is greater than 50% of the 
length of the lateral edge, which is marked by the supero-
lateral boundary of the STG (Figure 1c).

Amorphous/none: Defined as not fitting any of the above 
gross morphological classifications. Specifically, defined as 
the absence of PT using the predefined boundary criteria 
for Heschl’s gyri and posterior Sylvian fissure (Figure 1d).

Using the criteria above, each PT was stratified into a par-
ticular classification by the first author BW). In cases of dis-
crepancies and unclear anatomical boundaries, the second 
author (FM) was consulted, and both authors made a collec-
tive decision on how to classify the particular PT in question.

Statistical analyses

All statistical analyses used R for Mac OS X 10_15_0, ver-
sion 1.2.5001 [79] with the two-tailed statistical significance 
level set at p <0.05. A chi-squared test of independence was 
performed for between-group comparisons of categorical 

Figure 1. (a–d) Lateral and corresponding transverse views of the “pie-shaped”, “rectangular-shaped”, “trapezoid-shaped”, 
and “amorphous/none” planum temporale classifications, respectively. The red areas on the transverse slice indicate the ex-
panse of the planum temporale and the blue area bounded by a black dotted line indicates the expanse of Heschl’s gyrus. 
(e) Magnified images of the PT classification. “M” = medial edge and “L” = lateral edge of the PT
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data, specifically the number of occurrences for each PT 
classification between hemispheres and by sex. A between-
subjects, two-way analysis of covariance (ANCOVA) was 
used to analyze the interaction between PT morpholog-
ical shape and hemisphere for overall mean surface area 
of PT after controlling for estimated total intracranial vol-
ume (eTIV), age, and sex as covariates. A Pearson corre-
lation analysis was implemented to examine the associa-
tions between PT classifications and demographic variables 
including sex, age, and hemisphere. Assumption testing for 
the dependent variable, overall mean surface area, demon-
strated: normal distribution of residuals, linearity between 
dependent and independent variables, homogeneity of vari-
ances (Levene’s F (5,85) = 1.15, p = 0.34), and homoscedas-
ticity. A total of three outliers were found in the trapezoid-
shaped PT group for overall mean surface area. However, 
outliers were left in the model as Cook’s Distance plot revealed 
no influential points, using a strict cutoff (< 0.5).

Results

A total of four PT configurations were identified (Figure 5a):

1)	Pie-shaped [45%] – (45/100 hemispheres)
2)	Trapezoid-shaped [27%] – (27/100 hemispheres)
3)	Rectangular-shaped [19%] – (19/100 hemispheres)
4)	Amorphous/none [9%] – (9/100 hemispheres)

Comparison of number of occurrences

Overall, PT was shown to manifest, in order of most com-
mon to least common, in pie-shaped, trapezoid-shaped, rect-
angular-shaped, and amorphous/none configurations. A chi-
square test for independence indicated that PT classification 
was not significantly related to hemisphere. There were no 
statistically significant differences between PT classifica-
tion and hemisphere. There were non-significantly more 
pie-shaped and amorphous/none PT configurations occur-
ring in the right hemisphere and non-significantly more 
trapezoid-shaped and rectangular-shaped PTs occurring in 
the left hemisphere (Figure 5b).

A chi-square test of independence indicated that PT classi-
fication was significantly related to sex with a small effect 
size (χ2(3,N = 100) = 9.13, p <0.05, ɸCramer = 0.03). The trap-
ezoid-shaped PT had statistically significantly different 
observed frequencies compared to expected frequencies, 

with a Pearson residual of 2.45 and –2.45 for females and 
males, respectively (Figure 5c). There were comparable 
numbers of pie-shaped PTs between males and females and 
more rectangular-shaped PTs occurring in females com-
pared to males, although not reaching significance.  Inter-
estingly, although non-statistically significant, the amor-
phous/none PT occurred more in the right hemisphere and 
in males (Figure 5b and 5c).

Surface area comparisons

The mean surface area of each PT classification was exam-
ined overall (Figure 4a) and by hemisphere (Figure 4b). For 
the overall condition, both the right and left hemispheres 
were collapsed, and revealed no statistically significant 
difference between PT classifications. Mean surface areas 
of measurable PT configurations, in order from greatest 
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to least, were: 540.4 mm2 for trapezoid-shaped (n = 27), 
508.8 mm2 for pie-shaped (n = 45), and 477.7 mm2 for 
rectangular-shaped (n = 19). The fourth category, amor-
phous/none (n = 9), was not calculable. The ANCOVA 
results (Table 1) demonstrated statistical significance only 
for the main effect of hemisphere with a small effect size 
(F (1,82) = 6.152, p = 0.015, η2 = 0.071). Post-hoc com-
parison using a Tukey HSD test (Table 2) indicated that 
the  pie-shaped  PT classification was statistically signifi-
cantly larger in the left hemisphere (M = 596.9, SD = 222.0) 
compared to the right hemisphere (M = 427.0, SD =186.4). 
The rectangular-shaped PT exhibited non-significantly larger 
mean surface area in the left hemisphere and the trapezoid-
shaped PT demonstrated non-significantly larger mean sur-
face area in the right hemisphere (Table 2).

Correlations

There were no significant correlations between PT classi-
fication and age or gender (p >0.05). A weak positive cor-
relation was found between the left hemisphere and over-
all PT surface area (r = 0.26, p = 0.01).

Discussion

The key finding is that, like Heschl’s gyrus, PT does 
indeed manifest in morphological variants other than 
pie-shaped. A total of four PT configurations were identi-
fied, in order of most to least common: (1) pie-shaped, (2) 
trapezoid-shaped, (3) rectangular-shaped, and (4) amor-
phous/none. Because the pie-shaped PT classification is 
the most common classification, it may have been miscon-
strued over time as the only morphological shape, a notion 
clearly prevalent in the literature. The finding of multiple 

PT morphological variations poses considerable implica-
tions for navigating the complex topography of the supe-
rior temporal plane, more specifically, the differentiation 
between PT and HG. For example, if students, neuroanat-
omists, or even clinicians rely on the assumption that PT 
is always pie-shaped, they may misidentify or completely 
overlook the correct cortical auditory structure. Addition-
ally, PT taxonomy may also aid interpretation of functional 
imaging studies and auditory electrophysiologic studies 
that focus on this auditory cortical region. More accu-
rate demarcation of PT from HG can contribute to a bet-
ter understanding of the structure–function relationship 
and how these structures process complex auditory stim-
uli separately and in tandem.

PT classifications in relation to overall surface 
area

Both the pie-shaped and rectangular-shaped PTs exhibited 
larger left hemisphere mean surface areas, with the trap-
ezoid-shaped PT demonstrating a larger right mean sur-
face area. However, only the left pie-shaped PT exhibited 
statistically significantly results (F(1,85) = 5.719, p = 0.02, 
η2 = 0.07). This is consistent with previous post-mortem  
[5,50–53] and imaging studies [3,44,57–60] that have 
observed this same left greater than right PT asymme-
try in normal brains. One explanation for this leftward 
size asymmetry is how the PT is implicated in the cortical 
speech processing network, given its proximity to known 
peri-Sylvian language areas and as evidenced by func-
tional imaging studies [32–35]. This leftward lateralization 
is explained on a microscopic level as well. In a study by 
Ocklenburg and colleagues [31], greater in vivo neuronal 
density was demonstrated in the left PT compared to the 

Table 1. Two-way ANCOVA results using mean surface area as the dependent variable, PT classifications and hemisphere 
as independent variables, and age, eTIV, and sex as covariates. * p <0.05

Sum of squares Df Mean square F-value p-value Partial η2

eTIV 15077 1 15077 0.350 0.555 0.004

Sex 4037 1 4037 0.094 0.760 0.001

Age 1317 1 1317 0.031 0.861 0.000

PT 51965 2 25983 0.605 0.548 0.021

Hem 264100 1 264100 6.152 0.015* 0.071

PT: Hem 3520338 2 33756 0.786 0.459 0.019

Residuals 3520338 82 42931

Table 2. Tukey HSD multiple comparisons. * = p <0.05

Mean surface area 
(mm2)

Mean difference 
(I–J) Std. error t-value p

PT_ morph                  Hemisphere

Pie-shaped
left (I) 596.92 (222.01)

169.93 66.57 2.436 0.02*
right (J) 426.99 (186.36)

Rectangular
left (I) 522.83 (159.87)

101.43 67.35 1.28 0.22
right (J) 421.40 (93.37)

Trapezoid
left (I) 492.56 (150.43)

–49.59 91.62 –0.61 0.55
right (J) 542.15 (210.51)
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right PT. Using electroencephalography (EEG) to measure 
the N1 event-related potential, whose neural generator site 
is believed to be in the posterior STP, a decrease in latency 
for the left hemisphere C5 electrode compared to the right 
hemisphere C4 electrode was demonstrated in response to 
dichotically presented auditory stimuli [80,81]. These find-
ings suggest that the increased dendritic and axonal den-
sity in left PT predisposes it to handle faster temporal res-
olution speeds that underlie processing complex auditory 
stimuli, such as speech.

It is our view that auditory temporal processing abilities 
necessitate initial spectro-temporal decomposition of com-
plex auditory signals that subserve overall speech process-
ing abilities. Auditory temporal processing is a general 
term used to describe sub-processes, including temporal 
ordering, temporal resolution, temporal integration, and 
temporal masking [82]. Tests examining temporal order-
ing and temporal resolution abilities are more commonly 
used for clinical and research purposes when examining 
the integrity of the central auditory nervous system. As 
previously stated, the PT has been shown to be active dur-
ing auditory temporal processing tasks, specifically tempo-
ral ordering, such as duration pattern and frequency pat-
tern tests [25–27].

There are fewer imaging studies examining PT activation 
in response to auditory temporal resolution tasks – an 
individual’s ability to detect rapid changes in the envelope 
of a sound over time. In an fMRI study by Zaehle and col-
leagues [83], subjects performed a gap-detection task and 
consonant–vowel syllable discrimination task in which 
they had to match the test stimulus with the correct tar-
get probe stimulus. For both conditions, the results dem-
onstrated greater overall activation of the left HG and PT 
compared to their right homologues, with significantly 
greater activation of PT compared to HG. Additionally, 
there was significant overlapping of activation patterns 
of the non-speech condition with the speech condition. 
The authors concluded that rapid auditory temporal res-
olution is lateralized to the left superior temporal plane. 
Another way to evaluate temporal resolution is by utiliz-
ing amplitude modulated (AM) and frequency modulated 
(FM) auditory signals. In another fMRI study by Hall and 
colleagues [84], subjects passively and actively listened to 
binaurally presented FM and AM pure tones. The results 
also demonstrated bilateral activation of HG, PT, and STG, 
with enhanced activation of left PT during the active con-
dition. While these studies provide insight into which cor-
tical auditory structures are active, they do not evaluate the 
relationship between quantitative measures and auditory 
temporal processing task performance.

Amorphous/none classification

A surprising finding was of the amorphous/none PT vari-
ant and its preponderance of occurrence both in males and 
the right hemisphere (Figure 5). While PT does not exist 
in these cases according to our criteria, it is important to 
note that the criteria used is morphological in nature and 
describes gross macroscopic features. It is likely that PT 
does indeed manifest in these subjects but does not meet 
the criteria specified in this study. One explanation is that 
in these cases PT portions may extend with the posterior 

Sylvian fissure (PSF), either dorso-posteriorly in tandem 
with PAR, or caudo-posteriorly in cases with posteriorly 
descending rami. This would be consistent with cytoarchi-
tectonic studies that have demonstrated that parakoniocor-
tex, or secondary auditory areas, is individually variable 
and observed to extend to the temporal–parietal convex-
ity or follow the trajectory of the PSF [2,13,14]. Because 
the criteria used in this study defined the posterior border 
of PT as the beginning of the PAR, or the termination of 
the horizontal SF, the planum temporale would not have 
been accounted for.

Another possibility, albeit less likely, is that PT truly does 
not exist in these cases. This could result either as a normal 
morphological variant found predominantly in the right 
hemispheres of males or it could be related to an unso-
licited disorder or pathology. Because these brain images 
were obtained from an open source neuroimaging reposi-
tory, only a limited subset of patient data and history were 
readily accessible. Such limited information included age, 
sex, handedness, and neurologic integrity. The term “neu-
rologic integrity” is ambiguous, however, and it is unclear 
if this refers only to confirmed structural lesions, such as 
cerebral vascular accidents, or encompasses broader neu-
rological pathologies, such as dyslexia, multiple sclerosis, 
or traumatic brain injury. If PT is missing, subjects should 
be evaluated via behavioral central auditory testing or late 
auditory evoked potentials to determine if there is a func-
tional consequence. If there is a functional deficit on testing, 
PT may truly be absent.  However, if there is no functional 
deficit, then PT is most likely there, but not visualizable 
based on our criteria.

Study limitations and future goals

A potential limitation is how well in vivo quantitative mea-
surements reflect true anatomical measurements. In a unique 
study comparing radiologic versus anatomic surface area 
measurements of 10 post-mortem brains, Steimetz and col-
leagues [85] demonstrated that planimetric measurements 
made by MRI did not significantly differ from the same 
measurements made on the actual cadaver brains. Simi-
larly, in a study by Kulynych and colleagues [3], 3D sur-
face rendering of MRIs offered greater inter-rater reliabil-
ity and improved validity for both PT identification and 
quantitative measurements compared to corresponding 
measurements made on 2D MRI images.

Another limitation is the comprehensiveness of the PT 
morphological taxonomy put forward in this paper. There 
may exist other, rarer morphological variations of PT that 
were not represented in this sample. Additionally, only 
50 brains (100 hemispheres) were analyzed, limiting the 
statistical power of the quantitative test measures used. In 
future studies, a larger sample size should be used to: (1) 
increase statistical power, (2) replicate and add to morpho-
logical variations found in this study, and (3) obtain a more 
accurate occurrence and surface area measures of these PT 
morphological variations in normal intact brains.

Conclusions

The planum temporale is demonstrated to be morpholog-
ically variable across individuals and does not just occur 
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in a “pie-shaped” configuration. The taxonomy supported in 
the present study should help neuroanatomists, clinicians, 
and students differentiate the sometimes complex topogra-
phy of the superior temporal plane. The proposed taxonomy 
also takes an initial step in describing morphological vari-
ation in normal intact brains, which also provides a foun-
dation for describing and comparing the anatomy of dis-
ordered and pathologic brains with normal brains. This 
can contribute to better interpretation and source analy-
sis of pathological effects on clinically used measures and 
tests, such as auditory evoked potentials and behavioral 
central auditory tests.
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Appendices

Appendix 1. Function of the planum temporale

With the continued advancement of imaging techniques, 
the relationship between function and the cytoarchitectonic 
defined PT area has also been closely examined as a pos-
sible differentiating factor. The PT has been implicated 
in higher-order auditory processing, including auditory 
stream segregation, auditory working memory, and spec-
tro-temporal processes.

A functional magnetic resonance imaging (fMRI) study 
by Voulooumanos et al. [18] investigated cortically active 
regions involved in auditory stream segregation in 15 healthy 
adults using an oddball detection task. Participants had to 
correctly differentiate between target speech, non-speech, 
and tonal stimuli in the presence of a continuous non-tar-
get 1000 Hz tone. The authors observed that the left STG 
and PT were active across all stimulus types with greater 
cortical activation during speech stimuli conditions. Sim-
ilarly, in a positron emission tomography (PET) study by 
Zatorre and colleagues [19], research demonstrated greater 
cerebral blood flow (CBF) in primary auditory areas for 
white noise stimuli and distinctly greater CBF in second-
ary auditory areas for consonant-vowel-consonant tokens. 
The authors contend that although primary and second-
ary auditory areas are responsible for processing different 
types of complex auditory signals, they work in tandem 
for more holistic processing.

With regards to auditory working memory, an fMRI study 
by Papoutis and colleagues [20] demonstrated increased 
bilateral activation of PT when subjects were instructed to 
mentally rehearse a four-syllable pseudo-word for 6 sec-
onds before overtly or covertly repeating the pseudoword. 
In another fMRI study, the STG and PT were also observed 
to be bilaterally activated when participants were presented 
with four sung syllables and then were tasked with recalling 
either the tonal or verbal information of the stimuli [21].

Spectro-temporal processing abilities have also involved 
PT. In a PET study by Thivard and colleagues [22] which 
examined cortically active regions in 8 right-handed males, 
PT exhibited greater activation than HG when auditory 
stimuli underwent spectral motion compared to when it 
was stationary. This finding is supported by subsequent 
fMRI and PET studies that also showed increased acti-
vation of PT bilaterally with spectral motion of auditory 
stimuli [23,24]. Additionally, in another PET study exam-
ining 9 musically naive males, bilateral PTs were observed 
to be activated during duration and pitch pattern percep-
tion tasks that required an active response [25]. Similar 
findings were observed in subsequent fMRI studies that 
utilized comparable paradigms [26,27].

Additionally, PT is observed to be implicated in dichotic lis-
tening. In a PET study examining the neuronal basis of left 
language lateralization and the right ear advantage, Hug-
dahl and colleagues [28] found overall increased activation 
for left STG with dichotically presented consonant-vowel 
stimuli. Similarly, the posterior STP and PT area was also 
been shown to be activated in a critically important manner 
in several other studies utilizing fMRI and dichotic speech 
stimuli [29,30]. In another interesting study that examined 
interhemispheric PT micro-structure and neurophysio-
logic processing of dichotically presented speech stimuli, 
Ocklenburg and colleagues [31] found that a higher den-
sity of dendrites and axons in the left hemisphere PT cor-
related with reduced N1 potential latency compared to the 
right hemisphere PT. The authors suggest that the overall 
increased synaptic connections found in the left PT pre-
dispose it for faster and more precise temporal processing 
required in the perception of speech stimuli.

Given its location in the posterior recess of the Sylvian fis-
sure (SF), proximal to the temporo-parietal convexity, it is 
no surprise that PT has been implicated in complex audi-
tory processing underlying language processing. The left 
PT has been found to be active in language tasks, includ-
ing phonological retrieval, complex syntactic sequencing, 
and semantic processing [32–35]. This is further corrobo-
rated by pathological studies that have demonstrated that 
lesions extending to the PT, particularly in the left hemi-
sphere, manifest as written and spoken language compre-
hension deficits [36–38] resulting from higher-order audi-
tory spectro-temporal processing abilities [2].

Depending solely on functional studies for differentiating 
PT from HG raises several issues. First, there is an overlap 
in activation between these auditory neural substrates and 
other non-auditory areas. In the aforementioned studies, 
processing complex auditory stimuli typically triggers a net-
work of cortically active brain regions and engages, at least 
partially, both PT and HG. Furthermore, pathological stud-
ies should be interpreted with caution as a majority of the 
included participants had suffered cerebrovascular acci-
dents whose lesions were diffuse and extended to other 
cortical areas. Second, visual interpretation of functional 
imaging depends on accurate identification and differen-
tiation of structures in the STP. Consequently, this relies 
on the researcher’s or clinician’s knowledge about anatom-
ical boundaries [39,40] and is subject to operator error if 
informed by general cytoarchitectonic mappings. Third, 
functional imaging studies are still limited in how data is 
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collected and analyzed. Because functional imaging data 
are most commonly analyzed in a 2D view, factors such 
as Gaussian or Rician noise during image acquisition, 
and distortion caused by the subject moving [39,41–43], 
can affect the accuracy of interpretation. Even when 3D 
analysis methods are utilized, it is common to implement 
automated parcellations to separate and identify specific 
cortical regions. While this method is time-efficient, it is 
still subject to error at an individual subject level because 
automated parcellations are based on a composite of cyto-
architectonic mappings from post-mortem human brains. 
Although imaging research has led to amazing insights 
into auditory processing at the cortical level, it remains 
difficult to definitively isolate PT from HG based solely 
on function.

Appendix 2. Gross morphology of the planum 
temporale

Differentiation of PT from HG has also been done by 
comparing gross morphology and shape. Heschl’s gyrus 
is described as a single grey matter structure that arises 
medially from the retro-insular white matter and extends 
antero-laterally on the STP. What is less commonly known 
about HG is that it exhibits morphological variants, includ-
ing complete duplications, common-stem duplications, 
and in rare instances three duplications [1,9,43,45,46]. 
Conversely, PT has been described as a grey matter struc-
ture that sits posterior to HG and occurs narrowly in a pie-
shaped or triangular orientation [2, 46–49]. Most studies 
have also described the PT to be larger in the left hemi-
sphere than in the right. In a classic study comparing the 
interhemispheric linear measurements of the PT’s lateral 
edge in 100 normal post-mortem human brains, Geschwind 
and Levitsky [4] found that 65% of brains exhibited larger 
PTs in the left hemisphere, 11% had larger PTs in the right 
hemisphere, and 24% exhibited relatively symmetrical PTs. 
This left > right PT asymmetry in normal post-mortem 
adult [5, 50–54] and infant [55,56] brains has been repli-
cated. In recent years, in vivo surface area and volumetric 
studies made possible by 2D and 3D imaging techniques 

have also demonstrated this leftward asymmetry in nor-
mal brains [3,44,57–60].

Of interest are pathological studies related to abnormal PT 
asymmetry, which manifest either as an interhemispheric 
asymmetry reversal (right > left) or an interhemispheric 
symmetry between homologous PTs. With regards to the 
former, cortical surface area/volume/thickness are observed 
to be abnormally larger in the right PT compared to the left. 
The latter describes instances in which the cortical surface 
area/volume/thickness is grossly normal for right PT but 
reduced in the corresponding left PT. Studies examining 
patients with dyslexia have observed higher occurrences 
of both an abnormal reversal in PT right > left asymme-
try [49,61–63] and abnormal interhemispheric symmetry 
between PTs [64]. Similarly, in imaging and post-mortem 
studies examining individuals with schizophrenia, higher 
occurrences of both abnormal right > left asymmetry rever-
sals in PT [65–67] and abnormal interhemispheric symme-
try [68–70] between PTs have been observed.

While quantitative measurements of these macroscopic fea-
tures are important for studying normal and pathological 
populations, these studies do not necessarily aid in differ-
entiation of auditory neural substrates on the STP. Delin-
eation of PT from HG in these instances are based on cyto-
architecture and functional studies and are thus subject to 
the same errors described earlier. Moreover, morphologi-
cal variants of HG can confound accurate identification of 
the PT anterior boundary, resulting in overlooked or mis-
identified PT and under- or over-estimation of quantita-
tive measures. This is exemplified in a recent anatomical 
study by St. George and colleagues [44] which examined 
28 brain magnetic resonance images (MRIs) and demon-
strated that PT surface area was significantly smaller when 
both cases of posterior HG duplication did not comprise 
part of the PT measurement and when the posterior aspect 
of the SF extended dorsally into a posterior ascending ramus 
(PAR). These results were replicated in a study by Tzou-
rio-Mazoyer & Mazoyer [71] who found similar effects of 
HG and SF variation on PT surface area.
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