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Purpose
®  Tovalidate a method for tongue volumetric measurement as performed on three-dimensional MR images.

®  Toassessthe validity of the validation technique using inter- and intra-operator reliability measurements.

Introduction: As a vital organ unparalleled in its anatomical complexity, the tongue has the versatility to effect regional deformations and positional changes with
multiple potential degrees of freedom. Despite an abundance of studies on the tongue and its functions, as well as numerous proposed tongue models over the years,
much of the anatomical and biomechanical details of the in vivo human tongue remain poorly understood. It is widely accepted that the human tongue is a muscular
hydrostat, and as such, volume constancy is its fundamental biomechanical characteristic. Conceptualizing the human tongue as a type of hydraulic system
acknowledges the absence of bones and joints in the intrinsic tongue proper. The concept, however, does not address the potential effects of complex interdigitations,
biomechanical coupling, or functional synergism of the intrinsic muscle fibers with those of the extrinsic muscles that do have bony origins. A basic question remains:
can the human tongue change its volume? To answer this question, a comprehension study is underway, using advanced sagittal 3D MRI technology and post-
processing to determine task-induced changes in tongue volume in vivo [1]. One of the first steps toward this objective is the validation of our scanning and
measurement methods. Lauder and Muhl [2] used a rabbit model to test the reliability of their MRI tongue volumetric measurement technique. This technique was
adapted to larger animal and human cadaver tongues in our validation study. The use of ex vivo models, if proven adequate for in vivo volumetric validation, will
provide the methodol ogical foundation to reliably addressin vivo lingual volume changes or constancy as a function of tongue contraction tasks.

Methods: The ex vivo models used included two fresh, unembal med human donor cranial samples and one freshly slaughtered calf head. After initial preparation, all
speci mens were subjected to repeated 3D MR scanning of the tongue using various protocols (proton density, T1, T2); normal and maximum resolutions; normal (4
mm) and reduced (1 mm) slice thickness; sagittal, axial, and coronal imaging planes, and GE (Signa 1.5T) and Phillips (Eclipse 1.5T) scanners. Post-processing of 68
MR image series and dlice-by-slice segmentation of the tongue from each dataset were performed by two trained, blinded operators using the NIH Medical Image
Processing, Analysis and Visualization (MIPAV) software. The operators manually traced the contours of the tongue proper (intrinsic muscles and the genioglossus) on
each dice of each image series in randomized order (i.e., mixed imaging planes), and the software generated volume measurements as the sum of the dice-by-dlice
areas traced. Subsequently, the physical volumes of the tongues were measured using two methods. One method, applied to the male human specimen, involved serial
parasagittal sectioning of the head (intended thickness = 4 mm, to match the slice thickness for our in vivo sagittal MRI study), followed by digital photography of the
individual slices (modeled after the Visible Human Project) [3]. Tongue thickness in each section was determined using a 5-point caliper measurement method. Area
measurements of the tongue proper were made from the photographs in MIPAV. The physical volume of the tongue was determined by multiplying each measured area
by the corresponding section thickness. A second method involved excising the tongue, measuring mass using a balance, and determining volume using the Archimedes
Principle and the density of water. Physical volume of the calf tongue was further verified by density comparison using known tissue composition values for raw beef
tongue [4] and the Choi and Okos temperature-dependent density model [5]. All traced, i mage-based volumes were compared to the physical volumes for each tongue
specimen. Statistical analyses were performed with operator, scanner, imaging resol ution, and scan plane as factors. Acceptable difference limit was set at 5%.

Results: For two of the specimens, the traced volumes of each operator did not differ significantly from the physical volumes (Fig. 1b & 1c), regardiess of imaging
plane or resolution. The mean difference was as little as 0.11% for the sagittal datasets and as much as 4.27% for the axial datasets. For the initial specimen (Fig. 1a),
the traced volumes were significantly different from the physical volume for the axial (operator 1) and coronal (operator 2) datasets; in the sagittal plane, however, the
traced volumes were only -0.35% to -0.53% deviant from the physical volume. Overall intra-operator coefficients of variation improved from 6.18% to 2.23% with
training and practice. Inter-operator agreement was good in al cases based on the estimated limits, with no outliers, proportional relationship, notable variation
dependence, or systematic error (Fig. 2). The “theoretical” calf tongue density based on published values for the beef tongue and a density model for chemical
composition was 1.049 g/cc. Given a measured tongue mass of 398.4 grams, this translated to a “ theoretical” volume of 379.67 cc, which was 4.69% different from the
computed mean value of 397.49 cc.
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Fig. 1. Traced volumes of two trained operators vs. the physical volumes for each specimen. Fig. 2. Representative Bland-Altman

plot of operator agreement.

Discussion: Results of this study using ex vivo models adequately validated the volumetric scanning and volume measurement methods used in our in vivo human
MRI project where task-induced changes in tongue volume are examined. The best and most consistent results for each model were found in the sagittal datasets — the
chosen imaging plane for our in vivo tongue volume study. Although inter-operator agreement was consistently good and intra-operator variations reduced with
practice, operator training is crucial to volume measurement accuracy.
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