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Computed Tomography

PURPOSE: To determine the utility

of computed tomography (CT) for the
noninvasive evaluation of bowed

stringed instruments.

MATERIALS AND METHODS: Thirty-
seven instruments that ranged in

quality from student instruments to

exquisite Stradivarius violins were
analyzed with CT. Accuracy of thick-

ness measurements was determined
from 24 measurements of cross-sec-

tional pieces sawed from a student
violin. Accuracy of density measure-

ments was determined from 328 CT
attenuation measurements of 16
woods used in stringed instruments.

RESULTS: Substantial differences of
normal structure were noted between

the masterpieces crafted in Cremona,

Italy, and factory-produced student

instruments. Unexpected defects were
detected in nine of 14 instruments older

than 100 years and ranged from a few
wormholes (eight instruments) to many

wormholes and extensive repair (one

violin). CT thickness and attenuation

measurements correlated well to the
line of identity with actual measure-

ments (P < .0001). Two cellos and a

viola have been constructed from CT-

derived information. The viola was

awarded a gold medal at a recent inter-

national competition.

CONCLUSION: CT provides the

modern luthier and acoustic scientist
with a unique tool for characteriza-

tion of normal structure, defects, and

repair and for accurate measurements

of wood thickness and density. CT-
derived information aids in the repli-
cation of original masterpieces. CT

evaluation may have an important
role in the valuation, insurance, and

identification of valuable stringed

instruments.

S EVERAL unique applications of com-
puted tomography (CT) have been

reported since the introduction of CT in

the early 1970s. These include CT evalu-
ation of Egyptian mummies and cats

(1-4), antique sword hilts (5), and a
1730 cello scroll (6). In 1981, Fairbairn

(7) used CT to scan an 1840 Neuner
and Hornstainer violin and a student

violin. Transaxial CT images of these
violins helped establish some of the
normal structure of the violin, and
Fairbairn concluded that CT is a safe,

noninvasive procedure for imaging all
portions of the intact instrument.

It is generally agreed that Andrea

Amati (1520-1578, Cremona, Italy)

originated the form of modern bowed
stringed instruments (8). Nicole Amati

(1596-1684, Cremona, Italy), the grand-
son of Andrea, found himself the only
surviving violin maker, or luthier, of any
consequence within the entire world
after a bubonic plague decimated Cre-

mona, Italy, in 1630 (9). Antonio Stradi-
vari (1644-1737), universally regarded as

the greatest violin maker of all time,
drew his early inspiration from Nicol#{244}

Amati’s work (10).

Stradivarius instruments are fa-
mous for their brilliant tone and have

an extraordinary capacity to perform

well (11). Sacconi (12), who has sys-

tematically studied many Stradivarius
violins, believed that Stradivari’s in-

genuousness was in his ability to use
the precise principles of acoustic
physics and chemistry. Of the ap-
proximately 1,200 stringed instru-
ments crafted by Stradivari from 1686

to 1737, only 602 instruments (540 vio-

lins, 12 violas, 50 cellos) could be iden-

tified at the beginning of this century

(10). Today, many Stradivarius violins

are valued in excess of $1,000,000 (13).
The bowed stringed instruments

constructed by Stradivari and other
Cremona masters are extremely valu-
able and therefore highly safeguarded.
These masterpieces are handled by sev-

eral world-class professional musi-
cians and master luthiers. A major
function of the modern luthier is de-
termining the market value of stringed
instruments. When asked to give an ap-
praisal, the luthier carefully inspects the
external surfaces and, with dental mir-

rors, the internal surfaces of the in-
strument for evidence of defects or
previous repair. The value of the in-

strument may decrease considerably

if a defect or repair is discovered. For
example, a violin with a crack in the
sound post region of the back plate is
traditionally valued at only 50% of

the instrument without the crack. It is
well known that many serious abnor-
mal conditions may be concealed with

glue, filler material, retouch, or varnish

(14). Abnormal conditions that affect

old bowed stringed instruments in-
dude cracking, warping, and worm-
holes (caused by the infestation of larvae
from the beetle, Anobium doinesticurn).

Over the past 250 years, many luth-

iers have attempted to improve on
the quality of the violin originated by
the Cremona masters. Despite these

efforts, only a few minor structural

changes have been adopted. It is the
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Figure 1. Schematic frontal and side views of a typical violin illustrate normal structure. The
front plate on the bass side of the instrument has been removed exposing the blocks, the tin-

ings, and the ribs. The spruce sound post would be carefully positioned between the front and

back plate, near the foot on the treble side of the bridge. The spruce bass bar (dashed line) is

attached on the inner surface of the front plate directly beneath the foot on the bass side of

the bridge.
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intent of almost every modern luthier
to construct accurate copies of a few
original masterpieces. The quality of

modern workmanship is judged by
how well the instrument copies the
components of the original master-
piece. Much of the normal structural
details of these valuable stringed in-
struments, crucial to the tonal quality

that a modern copy will ultimately
possess, are often difficult to access.

The process of copying a bowed

stringed instrument involves many

stages, and each stage is associated
with error. When constructing an in-
strument, the luthier must have an

accurate outline of the instrument’s
edges from which a top and back plate

are created. The outlines are tradition-
ally created with a sharp tool carefully

traced around the perimeter of the plate
The tracing is then placed on a metal
plate, and a template is produced. The
metal template is then positioned on
wood, and a tracing is etched into the
wood. The luthier then carves the front
and back plates. This traditional method
of producing an outline introduces com-
pounding errors, initially caused from
the finite thickness of the tracing tool
and becoming compounded.

One weekend afternoon in 1988, as I
(S.A.S.) was monitoring radiology resi-

dents and occupying my free time by

practicing my violin, a young man in-

volved in a motor vehicle accident was
referred for CT. I inadvertently carried

my violin into the CT room, and after

scanning was completed, I found my
violin next to the scanner. Out of curios-
ity, I scanned the violin. I presented the
CT scan to John R. Waddle. He became
very excited about the potential use of
CT for the evaluation of violins. This
began our investigation. Because of
John’s international customer base and
the very close association of professional
luthiers throughout the world, John has
had access to many of the world’s rare
and valuable instruments.

A schematic diagram of a typical

stringed instrument is illustrated in

Figure 1. The body comprises a spruce
front plate, a maple back plate, and
maple sides (ribs). Figure 2 illustrates
a typical cross section through the

maple bridge. A spruce sound post

(Fig 3), 5.5 mm in diameter, is care-
fully wedged between the front and
back plates. The spruce bass bar, par-
allel to the long axis, is attached to the
inner surface of the front plate on the

side opposite the sound post.

MATERIALS AND METHODS

Since 1988, we have performed CT of 37
bowed stringed instruments with a wide

range in quality, from the poor quality

mass-produced stringed instruments used

by students to soloist quality stringed in-
struments played by the world’s most ac-
complished musicians (Table). Fourteen of
these instruments (11 violins and three

cellos) were older than 100 years. Because
many of the student instruments had
forged labels (many ascribing to Stradivari
or other eminent luthiers), the precise ages

of the student instruments were indeter-
minate. The oldest violin scanned was a
363-year-old violin crafted by Andrea
Guarneri in Cremona, Italy.

Several CT scanners were used: models
DR and RD. Siemens Medical Systems,
Iselin, NJ; and models HiSpeed Advan-

tage, 8800, and 9800, GE Medical Systems,

Milwaukee, Wis. The following CT tech-

nique was used to image the bowed

stringed instruments. For transaxial imag-

ing, the instrument was carefully posi-

tioned on its back in the middle of the

table, with the long axis of the instrument

parallel to the long axis of the table. The
CT table was advanced into the scanning

position, and a localization scan was ob-

tamed. As a standard imaging routine, we

obtained 1-mm-collimated transaxial scans

through the scroll, peg box, upper bout,
middle bout, lower bout, sound post, and
the bridge. In general, we found the CT

head algorithm with 120 kV, 120 mA, and
4-second scanning time optimal for
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kLi�t of 37 Bowed Stringed Instruments Scanned with CT Since

� Instrument

k Violins
� Andrea Guarneri (Cremona, Italy)

Nicol#{244}Amati (Cremona, Italy)
� Antonio Stradivari, “Lord Borwick” (Cremona, Italy)
� Antonio Stradivari (Cremona, Italy)
� Antonio Stradivari, “The Lark” (Cremona, Italy)
� � Antonio Stradivari (Cremona, Italy)
I � Attributed to Giuseppe Guarneri (Cremona, Italy) �

� Attributed tojacob Stainer (Absam, Germany) �
! Attributed to Guidantus (Bologna, Italy)
�i Pietro Ant nio Dalla C :a (Treviso, Italy)

� Giovanni ( rancino (Iv - -

�k
�= Guy Rabut (I .

J David Rubio (Cambridge, Englai
� William Fulton (Idyllwild, Calif)
� George Yu (Salt L..�... ..,. r, Utah�
� Fourteen mass-produces.
! Cellos
�.- Domenico Montagnana (Venice, Ital)

� 4 Anselmo Bellosio (Venice, Italy) �
� � Attributed to Thomas Dodd �
� John Waddle (St Paul, Minn) and William Scot
� Two mass-produced student cellos

r Forged labels made ages indeterminate.�
f t This instrument was crafted from details r
� � � � .� � � #{149}�.�
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Figure 2. Schematic transaxial section though

the middle bout, at the level of the bridge. Note

the two “f” holes located between the foot of
the bridge and the edge of the front plate. The
linings attach the front and back plates to the
ribs.

Figure 3, 4. (3) Coronal CT scan of an ex-
quisite violin crafted by Antonio Stradivari
demonstrates the rib outline. This outline

provides the modern luthier with an exact

copy of the edges. Note the round sound
post (arrow), a 5.5-mm-diameter spruce rod
that establishes a connection between the
front and back plates. (4) Transaxial CT scans
through the middle bout of(a) a violin crafted
by Nicol#{244}Amati in 1654 and (b) an inexpensive
German student violin. Note the exquisite arch-

ings and changes in thickness of the anterior
front plate (arrow) and posterior back plate (ar-

rowhead) ofthe 1654 Amati violin compared

with the front and back plates ofthe student

violin. All the student violins had very thick and

poorly arched plates.

imaging. The window settings were cen-
tered at approximately -500 HU with a
width of approximately 800 HU. For coro-

nal imaging, violins were also carefully

positioned on their side, allowing for im-
aging of the front plate, back plate, pur-
fling, and the ribs. If a defect was visual-

ized during routine CT scanning, additional
images were obtained to characterize the na-
ture and extent of the defect.

CT analysis of the premier stringed in-
struments (four Stradivarius violins, the

Amati violin, the Guamen violin, and the
Montagnana cello) was very comprehensive.
These instruments were scanned in numer-

ous transaxial and coronal positions.

The accuracy of CT measurements of

wood thickness was determined in the
following manner. With a high-speed
band saw, an inexpensive student violin

was transversely cut into 22 individual
cross-sectional pieces. A high-quality mi-
crometer was used to obtain 24 thickness

measurements of the front and back
plates, ribs, and bass bar. At the precise

point of each thickness measurement, a
droplet of melted paraffin was carefully

positioned. The individual violin pieces
were then transaxially scanned with win-

dow settings centered at -400 HU and a

width of 1,800 HU. Images were magnified

to include the paraffin droplets. CT thick-

ness measurements were obtained at the

precise position of each paraffin droplet.
The accuracy of CT attenuation mea-

surements of woods commonly used to

construct stringed instruments was deter-

mined in the following manner. CT scans

with 8-mm collimation were obtained of
16 varieties of instrument-quality wood.

Each piece of wood was positioned on the
CT table with the long axis of the wood
parallel to the long axis of the table. A

small volume of water was also placed

into the imaging field. Each piece of wood

was scanned at three different positions with

window settings centered at -400 HU and a
width of 1,800 HU. CT attenuation measure-

ments of the wood and water were then ob-

tamed. All CT wood attenuation measure-

ments were normalized to the measured

water attenuation. A total of 328 CT attenua-

tion measurements were obtained.

The actual wood density was measured

in the standard fashion. Each piece of

wood was weighed with a high-quality

scale. The wood was then completely im-

mersed into water, and the volume of dis-

placed water was measured. To avoid

artificially high CT wood attenuation mea-
surements caused from water absorption into
wood, all of the CT wood attenuation mea-
surements were obtained before measuring

the actual density.

To determine the possible effect of colli-

mator thickness on CT wood attenuation
measurements, three pieces of instrument-

quality Sitka spruce were scanned using

2-, 4-, and 8-mm collimation. Window set-

tings were centered at -400 HU with a

width of 1,800 HU. Every piece of Sitka

spruce was imaged at three positions

separated by 10-15 cm. A 1.0 cm2 region of

interest was used for all CT attenuation

measurements. A total of 171 CT wood

attenuation measurements were obtained.

RESULTS

High-resolution, 1-mm-collimated

CT scans were obtained in both trans-
axial and coronal planes. A coronal

CT scan obtained through the ribs of
a Stradivarius violin demonstrated

the rib outline (Fig 3); this provides
the modern luthier with an exact

copy of the rib edges.
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Figures 5, 6. (5) Regression analysis compares 24 CT thickness measurements with actual

wood thicknesses in a dissected student violin. (6) Regression analysis of CT attenuation of

wood versus actual density for 16 types of wood commonly used to construct bowed stringed

instruments. Ebony, a wood with an actual density greater than that of water, has an average

CT attenuation of +55 HU.
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Figure 7. Transaxial CT scan obtained

through the scroll of a 1730 Domenico Mon-

tagnana cello. Note the hyperattenuating

glue lines (straight arrows) from previous

repair and wormholes (curved arrow) caused

by infestation from the larvae of the beetle, A
d()flIc’StlCU??l.

Figure 8. Transaxial CT scan obtained

through the scroll of a solo-quality violin.
Note the extensive repair with hyperattenu-

ating filler material and associated wormhole

damage. The massive extent of repair was

not suspected before this CT scan.
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The archings of the front plates of
the student instruments were gener-

ally less pronounced than the arch-
ings of the premier instruments. Also,

the maximum thickness was greater

and the change in thickness of the
plate (graduations) much less in all 16
student instruments. This is illus-
trated in a transaxial scan obtained
through the middle bout of a violin

crafted by NicolO Amati in 1654 (Fig
4a) compared with a scan obtained

through the same position in a typical

student violin (Fig 4b).

CT thickness measurements (in mil
limeters) of wood showed an excel-

lent degree of correlation to the line
of identity with the actual thickness

measurements (in millimeters): actual
thickness = 1.018 x CT thickness -

0.105 (P < .0001, simple regression

analysis) (Fig 5).
CT wood attenuation measurements

(in Hounsfield units) also showed an

excellent degree of correlation to the line
of identity with actual wood density
measurements (in grams per cubic centi-
meter): actual wood density = 1.000 x

CT attenuation + 1.254 (P < .0001,
simple regression analysis) (Fig 6).

CT wood attenuation measure-
ments of Sitka spruce piece 1 had a

mean attenuation of 649.2 HU with

standard deviations of 8.2, 6.7, and 8.4
for 2-, 4-, and 8-mm collimation, re-

spectively. Mean attenuation mea-
surement for spruce piece 2 was 537.1

HU with standard deviations of 8.0,

5.9, and 6.5 for 2-, 4-, and 8-mm colli-
mation. Mean attenuation measure-

ment for spruce piece 3 was 654.1 HU
with standard deviation of 9.7, 8.9,

and 9.0 for 2-, 4-, and 8-mm collima-
tion. Therefore, CT wood attenuation
measurements were not dependent

on collimator thickness.

Unexpected internal defects were
detected in nine of 14 bowed stringed
instruments older than 100 years. The
severity of the defects of instruments

older than 100 years ranged from only

a few wormholes and limited repair
in eight instruments (Fig 7) to very

extensive wormholes and repair in an
Italian violin (Fig 8). Wormholes or

glue repair most commonly involved

only the scroll; however, wormholes

also involved the peg box and blocks
of three stringed instruments more
than 100 years old (Fig 9). Glue lines
from repair were detected in the front

or back plates in 100% of the stringed
instruments greater than 100 years old.

DISCUSSION

CT provides the modern luthier
and acoustic scientist with a unique,

noninvasive imaging tool for evaluat#{149}

ing normal instrument structure and

abnormal conditions that may affect

the instrument. A direct relationship
exists between the structure of the

instrument and the quality of sound
produced by the instrument. Critical

portions of the body, including the

front and back plates, play an impor-

tant functional role in sound produc-

tion. The archings and variation of

thickness (graduations) of the plates
determine, to a large extent, the tonal

quality of the instrument and are a

good predictor for the long-term
health of the instrument. For ex-
ample, if a violin’s front plate is too

thin, deformity or cracking may oc-

cur. If the front plate is too thick (a

common problem associated with stu-

dent instruments), the tonal quality
produced by the instrument is consid-
erably diminished. CT also provides

the modern luthier with an accurate

measuring tool for determining wood

thickness and density. We demon-
strated that collimator thickness has

no effect on CT attenuation measure-

ments of wood.

With the violin positioned on its

side, outlines of the front plate, back

plate, purfling, and the ribs were eas-

ily obtained. A CT-derived outline
provides the modern luthier with an

exact copy of the edges of the instru-
ment, thereby avoiding the com-

pounding errors intrinsic to mechani-
cal tracing techniques traditionally

used to create outlines. One of the

authors (J.R.W.) used features re-
vealed with CT examination to repro-

duce two cellos and one viola. The

cello crafted by Domenico Montag-



Figure 9. Transaxial CT scan obtained

through the two “f’ holes of a Stradivarius

violin at the level of the corner blocks. The
front plate is anterior (arrow), and the back

plate is posterior (arrowhead).
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nana in 1730 was successfully copied

in 1990. An English cello, circa 1800,

was copied in 1995 on the basis of CT

details. In 1996, a viola was created on
the basis of CT scans of Stradivarius

and Amati instruments. This viola
was awarded a Gold Medal for crafts-

manship and tonal quality at the 12th

International Competition for Violins,

Violas and Cellos of the Violin Society

of America.
It is well known that when an expe-

rienced luthier repairs a damaged in-

strument, the repair is often very

difficult to visualize (14). In 11 of 14
stringed instruments greater than 100
years old, we discovered defects and

repair work that appeared minor with

surface inspection, yet involved a

large volume of the instrument’s in-

temal structure. Repair work is readily

detected with CT since glue, made from

converted collagen, and filler material

have an attenuation much greater than
the attenuation of wood. Determination

of the original glue used for construction

from glue used for repair can usually be
distinguished from distribution of the

glue. Glue lines associated with the

original construction of the instrument
are symmetric, involving the ribs, blocks,

and center joint of the plate. Glue lines

associated with repair to cracks or
wormholes are usually asymmetric.

These abnormal conditions and re-

pair may adversely affect the perfor-

mance and the value of the instru-

ment. CT examination was used to
help determine factually the valua-
tion of several stringed instruments.
Our results from CT scanning played

an important role in the transaction of
several expensive violins and, in two

cases, extensive internal damage dis-

covered with CT ultimately led to
cancellation of the purchase.

CT of the scroll and front and back
plates provides a unique image of the
internal grain line structure. This “fin-
gerprint” cannot be altered by paint

or varnish and provides each instru-
ment with a unique identifier. This

feature could provide a valuable clue
when attempting to identify lost or
stolen stringed instruments.

In conclusion, we find CT provides
the modern luthier and acoustic sci-
entist with a unique, noninvasive tool

that yields important qualitative and

quantitative information. CT pro-
duces high-resolution images of nor-

mal instrument structure, such as the
elegant curves of the outlines and
archings. Many abnormal conditions
commonly affecting old masterpieces,

such as wormholes and cracks, can be
easily detected and assessed. For any

portion of the instrument, CT pro-
vides accurate measurements of both

wood thickness and density. Collima-

tor thickness has no effect on CT at-

tenuation measurements of wood.
CT also provides the modern

luthier and acoustic scientist with a
measuring tool that assists in the ac-

curate reproduction of instruments.
We believe that CT examination
should also play an important role in

the valuation, insurance, and identifi-
cation of rare and expensive bowed
stringed instruments. U
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