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Abstract

The authors developed a DICOM Waveform
Generator to implement the DICOM Waveform Standard.
The application can generate DICOM waveform file
from streamed signal data in a text file. The goal is to
facilitate interchange of waveforms, support for audio
waveforms, ECG waveforms, hemodynamic signals and
Holter in medical imaging context.

The initial results show that we have successfully
generated DICOM file with the waveform content.

Since raw signal data of the waveform comes in
several types such as binary data, text file, and so on, an
application with the capability to transform the data into
DICOM format is needed as the solution.
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1. Introduction

In the medical domain, there is a standard imaging
exchange system called DICOM. DICOM stands for
Digital Imaging and Communications in Medicine.
DICOM is widely accepted and implemented in hospitals
around the world, especially in the radiology department
to files radiology system results such as MRI images, CT
images, and so on.

DICOM is a standard for handling, storing, printing,
and transmitting information in medical imaging. It
includes a file format definition and a network
communications protocol. The communication protocol
is an application protocol that uses TCP/IP to
communicate between systems. DICOM files can be
exchanged between two entities that are capable of
receiving image and patient data in DICOM format. The
National Electrical Manufacturers Association (NEMA)
holds the copyright to this standard. It was developed by
the DICOM Standards Committee, whose members are
also partly members of NEMA [1].

DICOM enables the integration of scanners, servers,
workstations, printers, and network hardware from
multiple manufacturers into a picture archiving and
communication system. The different devices come with
DICOM conformance statements which clearly state the
DICOM classes they support. DICOM has been widely
adopted by hospitals and is making inroads in smaller
applications like dentists' and doctors' offices.

For the communication and storage of medical
waveforms, DICOM Work Group 1 developed the
Waveform Standard (DICOM Supplement 30) in 2000,
which addressed the robust interchange of waveforms,
including support for audio waveforms, ECG waveforms,
hemodynamic signals and Holter in medical imaging
context [2].
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2. DICOM File Format

The DICOM File Format is described by the
American College of Radiology (ACR) and National
Electrical Manufacturers Association (NEMA) in PS3.10
specification "Media Storage and File Format for Media
Interchange”, of the DICOM Standard. An illustration of

the basic file structure can be seen below:
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Data Elerment
Data Element
Data Element

Data Set
Data Element

Data Element

Data Element

Figure 1. DICOM file format
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Figure 2. DICOM data element structure

A DICOM file has .decm as its file extension.
Each .dcm file consists of a header and a data set. The
header started with 128 bytes with 0x00 for the value,
and followed by 4 bytes prefix with “DICM” for the
value. The data set consists of a stream of data elements
which are consist of tag value, value representation (VR)
code, value length, and value field.

DICOM uses two methods to handle the bit store
mechanism which is named Transfer Syntax. The first is
DICOM implicit VR, the other is DICOM explicit VR.
DICOM also recognizes well known byte ordering, both
little endian and big endian.

The differences between explicit VR and implicit
VR are based on its VR value, which are can be seen as
follow:
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Table 1. Explicit VR of OB, OW, OF, SQ, UT, UN

Tag VR Value Length Value
Group | Element VR Reserved | 32.bit unsigned Ewven number of bytes.
Mt Wurnbwr 2 byte (2 bytos) mbeger conbairmg ihe Diotn
(16bn | (1650 character | 5oL ¥ Element Value{s) encoded
unsigned | unsigned | sting) of “.!!' ay Lording Irf the VR and
inager) | integer) | “OB° 00H negobatad Transfer
W Syntax. Delimited with
“OF Sequence Delimitaton
S0 UT It if of Undefinad
or "UN" Lengih
2bytes | 2bytes 2 tytes 2 byles 4 bytes “Vadue Langth’ bytes

Table 2. Explicit VR other than shown in table 1

Tag VR Valus Length Valus

Group Elemam | VR { 16-bik unsigned Ewen number of byles
Mumbsar Mumbsar (2 byie charactar integer) containing the Dala
{16k F16-bal sHing) Element Vahse{s) encodid
unsigned | unsigned c according to tha VR and
irianar] irlsaar) négoated Transfor

nlega rilege Syntax

2 bytes. 2 bytes 2 bylers 2 byles “Walua Length’ byles

Table 3. Implicit VR

Tag Value Length Value

Group Element 32-bit unsigned integer | Even number of bytes

Number Number containing the Data

(16-bit (16-bit Elements Value.

unsigned | unsigned Sfcockid accordig o

integer) integer) the VR specified in PS
3.6 and the negotiated
Transfer Syntax
Delimited with
Sequence Delimitation
Item if of Undefined
Length

2 bytes 2 bytes 4 bytes Value Length' bytes or
Undefined Length

For waveform content, it is mandatory to use
explicit VR little endian transfer syntax [3]. The
complete list of DICOM VR can be seen at DICOM
specification PS3.5 section 6.2 [4].

3. Mandatory Tags in DICOM Waveform File

Every data element in DICOM started with 4 bytes
tag code, which is separated into group number and
element number. Group number and element number
consist of 2 bytes unique code written in 16 bit unsigned
integer. The complete list of DICOM tags can be seen at
DICOM specification PS3.6 section 6 [5].

DICOM file that contains waveform must have
mandatory tags as follow:

Table 4. Mandatory tags in DICOM waveform file

Tag Number Tag Name
(0002,xxxx) File meta group tags
(0008,xxxXx) Identifying tags
(0010,xxxx) Patient info tags
(0018,xxxx) Acquisition properties tags
(0020,xxxXx) Study relationship tags
(003a,xxxX) Waveform properties tags
(0040,xxxx) Procedure tags
(5400,xxXX) Waveform data tags

4.  The DICOM Waveform Generator

We developed an application to generates
waveforms in a DICOM file based on stream input
signals in a text file. The result file was fits the latest
DICOM specifications, which are DICOM 3.0
specification and DICOM Supplement 30 about
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waveform content.

We were not used any DICOM toolkit to develop
the application, but we wrote the C code from the scratch
using Microsoft Visual C++ 6.0. We were not used any
complicated class in order to keep the code simpler
written in basic C language. We got the advantages from
this condition because we have plan to move the code
into any embedded systems or MCU programmable
systems, so we just make a little modification in the code
to make it run in the new embedded environment system.

For our prototype, we’ve developed an application
to generated 12 lead ECG signals in the text file become
a DICOM waveform file. The structure of the ECG
signals in the text file can be described as follow :

Every sample of signal has been represented as a
row that contains 12 columns. The order of the columns
is : lead I, lead 11, lead 11, lead aVR, lead aVL, lead aVF,

lead V1, lead V2, lead V3, lead V4, lead V5, and lead V6.

Total sample signal is 2,500 signals. It means, for the
signal source, we have 2,500 rows with 12 columns each
row in our text file. Each lead has its value written in
%3.6f float integer. For example, the value is
113.563452 or 2.536445. All values are in millivolt.

©.0z8a%0
. 130007

5.000008
.000000

5. 000000
5. 000000

5. 900000
5. 000000

Figure 3. The raw data of the ECG signals

We’ve set the standard value for study attributes
and patient attributes, so the result DICOM file will has
same value for that kind of attributes. But the code can
be easily modified to handle a dynamic input.

5. Detailed Semantic
DICOM has strict rules for file structure byte per
byte. The value length has important role in DICOM

structure. We can not declare unused data in DICOM file.

For example, in other application, we allowed to declare
let’s say 10 bytes of char, but we only use 7 bytes of
them. In DICOM, it will caused error when the file has
been opened.

All value fields must have even number of length. If
the value is char, it must be padded with space (* “). If
the value is integer, it must be padded with 0x00. We can
see the examples bellow ;

un=igned char cvI[10] = "5.6.3-9-1
unsighed char c=dI[6] = "SCPECG":
un=ighed char c=vI[4] = "1.3 *;
un=igned char cmI[6] = "Lead I":;

Figure 4. Declaration of variables

-
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All data must be written as a 16 bit binary value. So,
we had to carefully when we assigned the bit value for
each data element.

neta . ge = 0x01000008;
strocpy(meta. v, "SH" ) ;
neta. vl = Ozxla;

fwriteléneta,. sizeof (neta) . 1. £fp);
fwritelécv],.sizecf (cvl). 1. fp):

mneta. . ge = 0x01020008;
strocpy({meta. v, "SH" ) ;
mneta.wl = 0=x06:
frrite(imnseta,. =izeof (neta),
fvritefbcsd]  sizeof (c=dl) .

neta.ge = 0x01030008;
strocpy(meta . v, "SH" ) ;
neta.wl = 0=x04:
fvriteiéneta, sizeof (neta).
frrite(fcev] . zizecf (ce=vl) .,

o
H
jalhu}
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netaspec.ge = 0x0211003a;
stropyimetaspes . vr, "S0" )
mnetaszpec. reserved = 0=0000:;

netaspec.wl = Oxffffffff:
furitelbinetaspec, sizeot (netaspec) . 1. {pl:

JsSequence started

item.it O=zel00fffe;
item.1l Dmffffffff;
furite(iiten, sizect{iten) .1 fp):

ssTtem started

meta.ge = 0=01000008; ~~Item 1
=trcpy{meta. vr, "SH");
neta.wvl = 0=02;

furiteléineta, sizect (neta) .1, {p);
fwritei&ovwi  sizecf{cwwi).1.£fp);

meta.ge = 0=x0102000%8; ~~Item 2
strocpy(meta.vr, "SH");
meta.vl = 0x04;

fwrite(éneta, sizect (neta). 1. fp);
fwrite(&icsdwt  sizecf (cedvwf). 1. fp):

seqdelitem.=dit = Oxel0dfffe: - Item Delimitation
seqdelitem.=dil = 0=00000000;

furitelisegdeliten, sizeot (segdeliten) .1, fp);
seqdeliten sdit = Oxelddfffe: ~~Sequence delinitation

=eqdelitem.=dil = 0x00000000;
furitelisegdeliten, sizeot (seqgdeliten) .1, fp):

Figure 7. Implementation of sequence data element

mneta.ge = 0x01040008;
strepy(neta. v, "LO" ) ;
neta.wl = 0=x06;

fvritelémneta,. zizeof (neta) . 1. fp);

fwritelfcnl, zizecf (cnl).1. fp):

Figure 5. Bit assignment of data elements

Sequence Data Element

Sequence data element is a unique data element in

DICOM format. Waveform uses this data element a lot.

7. Unique Ildentifiers
DICOM standard provides a mechanism to prevent
duplication of medical data or images in one system. For
example, a DICOM system will not has two identical
DICOM files that contain ECG record of the patient
named “BUDHI” that recorded on July 28, 2008 -
23:10:56 taken by using device “A”. This mechanism
called Unique Identifiers (UIDs).

For our prototype, we used 5 standard UIDs and 1
private UID. The 5 standard UIDs for 12 lead ECG
waveform are : Media Storage UID, SOP Instance UID,

The sequence data element has its own strict rule in order
to encode the input data into stream binary bits.

The structure of sequence data element, or called as
Nested Data Set described in DICOM specification
PS3.5 section 7.5 [6]. It can be summarized as follow :

Transfer Syntax UID, SOP Class UID, and SOP Instance
UID. The private UID is Implementation Class UID
(figure 8).

unsigned char metamediastor([30] = "1.2.8
unsigned char metasopinst[20] = "1.3.6.1.4.1 6018.1.1":
unsigned char metatransfsyn[20] = "1.2 840.10008.1.2. 1"

40.10008.5.1.4.1.1.9.2.1";

Dara
Element
Tag

Data
Element
Length

Yalue
L bt Data Element Value

unsigned char metasopclassuid[30] = "1.2.840.10008.5.1.4.1.1.9.2.1";
un=igned char metasopinstuid[22] = "1.3.6.1.4.1.6018.3.999";

unsigned char metaimplelass[24] = "1.3.6.1.4.1.6018.2.11111"; ~~ private UID
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2099, First item Second fem
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Figure 8. UID implementation in C code

Complete list of standard UID can be seen in
DICOM specification PS3.6 Annex A [7]. To create a
private UID, we can see the rule in DICOM specification

4 2 2 4 4 4 BIAS a 4

2088H

BI21

bytes bytes | byles byles tyes | byles bytes | bytes | T62CH

byt Iytes

4
bites

byles

PS3.5 Annex B [8].

Figure 6. The structure of sequence data element

Since waveform must be written in explicit VR little

8. Waveform Data Element
This element is main part of the DICOM waveform

file. The data was encapsulated into a sequence data

endian transfer syntax, the structure of the sequence data
element must be follow like fig 6.

The sequence data element started with 4 bytes of
tag code, followed by 2 bytes of “SQ” and 2 bytes of

element which is not contains the signal only, but also
the attributes of the waveform.

We can see the complete structure of the waveform

data element bellow :

0x0000h bits. The value length is written in 4 bytes
length integer as OXFFFFFFFF. Stream of items started
with OXFFFE,0XEQ00 as item tag, followed by 4 bytes of
item length and the item value. The sequence must be
ended with sequence delimitation item OxFFFE,0XEODD
and 0x00000000. All bits must be written in little endian
byte order. We can see the detail implementation in real
C code as follow :
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= 24000100 ; Waveform Sequence
=|- FFFE EQQ0D : [tem
Q34,0004 : waveform Originaliy
Q03,0005 : Mumber of waveform Channels
0034,0010 : Humber of "W aveform S amples
0034,0014 : Sampling Frequency
= 0034,0200 : Channel Definition Sequence
+- FFFE EQOD : Item
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQOQ : [tem
FFFE.EQDD : Sequence Delimiter
5400,1004 : W aveform Bits Allocated
24001006 ; ‘waveform Sample [nterpretation
24001008, : waveform Padding Y alue
5400,1010 : wWaveform Data
FFFE.EDQOD : ltem Delimiter
FFFE.EQDD : Sequence Delimiter

Figure 9. The waveform data element structure

o e o O O o O O o B

The first part of the sequence is waveform
originality. For the 12 lead ECG data, the value must be
“ORIGINAL” with 0x003a,0x0004 as its tag. Then
followed with number of the waveform channel, which is
in our case was “12”, number of waveform sample (ours
was 2,500), and sampling frequency (ours was 250). The
implementation can be seen bellow :

neta.ge = 0zx0004003a; srwaveform originality
strcpy(meta. wr, "C5"):

neta. vl = 0=x08;

fwrite(ineta. sizect (neta). 1. fp):
furite{évavefornorig. sizeof (vavefornorig). 1. fp):

neta.ge = DxDDDSDD3a Ssnunber of channel
stropy(meta . wr, "US"):

neta. vl = 0x02:;
fwrite(émneta.sizeof(neta). 1. fp):

fwrite{évaveformnchannels, Slzeof(waveformchannels) Tctphs:

mneta.ge = 0=z0010003a; ~number of sample
strocpy(meta. wr, "UL"):

neta. vl = 0=x04;
fwrite(éneta.sizect (neta). 1. ip):

(JCMIT2008)

—|- FFFE EDDO : Item
= 00340208 : Channel Source Sequence

= FFFE.EDDOD : [tem
0002,0m00 : Code Valus
1003,0102 : Cading Scheme Designator
1003,0103 : Cading Scheme Werzion
1003.0104 : Cade Meaning
FFFE.EQOD : ltern D elimiter

FFFE.EODD : Sequence Delimiter
00340210 : Channel Senzitiviby
= 00340211 : Channel Senzitivitp Unitz Sequence

= FFFE.EDDOD : [tem
0002.0100 : Code ¥ alue
0002.0102 : Coding 5cheme Designator
0002.0103 : Coding 5 cheme Werzion
0002.0104 : Code Meaning
FFFE.EQOD : [tem D elimiter

FFFE.EODD : Sequence Delimiter

00340212 : Channel Senzitivity Comection Factor

00340213 : Channel B azeline

00340214 : Channel Time Skew

0034 0214 : Waveform Bits Stored

0034 0220 : Filker Low Frequency

0034 0221 : Filker High Frequency

FFFE.EQOD : [tem Delimiter

Figure 11. The channel attributes

Each channel started with annotation parts and
followed with detailed attributes such as channel
sensitivity correction factor, channel baseline, channel
time skew, waveform bit stored, and frequency filters.

The number of channel represents the leads of the
ECG data, which are lead I, lead Il, lead Ill, lead aVR,
lead aVL, lead aVF, lead V1, lead V2, lead V3, lead V4,
lead V5, and lead V6.

The third part of the waveform data element is the
interpretation part. It contains two data element :
waveform bits allocated and waveform sample
interpretation. This is the critical part, because the value
will guide the DICOM viewer to interpret the entire
sequence of the waveform data.

For 12 lead ECG, the value length of the waveform
bits allocated must be 2 bytes and the value field must be
“16”, written in binary little endian format. The value
length for waveform sample interpretation must be 2

fwrite(ifvavefornsanples, sizeof (waveformsanples).1.£fp); byteS Wlth Value f|e|d “gS”, The implementation of thlS

mneta.ge = 0x001a003a; ~w=ampling frequency
stropy(meta. vr, "DS" )

neta.vl = 0x04:

furitelimneta.sizecf(neta). 1. fp):
fwrite(dzanplingfreqg. sizeof (sanplingfreq).1.fp):

Figure 10. Writing the waveform attributes

The second part of this sequence is channel
definition sequence which is contains channel attributes.
We have 12 number of channel and every channel has its
own attributes. We can see the attributes as follow :

part can be seen as follow :

un=signed short waveformbitsalloc = 0=x0010;

unsigned char waveformsampleinterpret[2] = "S5":

neta.ge = leUU454UU sswaveform bit allocation
stropy(neta.wr, "US" )

meta.wl = 0x02;

furite(éneta, sizeof (neta). 1. fp):
fwrite({fvavefornbit=alloc, slzenf(wavefarmbltsall:ﬂ:) 1.fp):
neta.ge = 0310065400 sryaveform sample interpretation
strcpy(meta.wr, "CS");

neta.wl = 0x02:;

furite(&nseta, sizeof (neta), 1, fp);
fyrite(&vavefornsanpleinterpret | sizeof (wavefornsanpleinterpret )

Figure 12. Implementation of the interpretation part

The rest parts of the waveform data element are
waveform padding value and waveform data.

The waveform padding value is a sample that
represents a point in time but not of value. Equipment
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which produces digitized waveform curves may encode a
specific value when the source is disconnected or
otherwise invalid. This value is encoded like the
Waveform Data attribute with one sample only [9].

We know that the data range of signed short integer
is -32768~32768. In many cases the value of Waveform
Padding Value is 32768 which is just not within the
range of signed short integer (-32768~32768). In our
case, we used 32768 or 0x8000 as our waveform padding
value. Here is the implementation code :

unsigned short wipaddingwval = 0=x8000;

mnetaspec.ge = 0x100a5400;
stropy(netaspec. vr, "OW" )
netaspec . reserved = 0x0000:;

mnetaspec. vl = 0=00000002:
fwvrite(imnetaszpec, sizeof (metaspec). 1. {fp):

Seyritting padding walue

fwrite(fwfpaddingval . =izecf (wfpaddingval). 1. £fp):

Figure 12. Implementation of waveform padding value

The waveform data itself can be described as
follow :

Each waveform sample is written as a 16 bit binary
value. The values are concatenated together with no
delimiters (neither ASCII, not the Item delimiters that are
used with undefined length Pixel Data). All waveform
data requires defined length.

Since the values in our text file are floating point
values and in millivolt, we have to multiply the values by
1000 before encoding them as 16 bit words. In this case,
we were not depending on the native C data types.

A call like fwrite() is unsafe for two reasons:

the number of bytes written is dependent on the
compiler and the host and target.

the byte order written is dependent on the target
machine.

For each value written we must extract the bytes
that we want into an array of char in the correct order
and write it by hand. So in order to handle this issue, we
wrote the code as follow :

float I:
long wfdatal:

"

fzcanf(fpecg, "XE". &I):

widatal (long)(I=10007 ;
bufferI[0]=i{char)(widatalél=ff);

bufferI[l1]=ichar)({wfdatal:>8)&0=xff);

fwrite{bufferl 2.1.{fp):
Figure 13. Float to 16 bit words encoding

The “fpecg” is pointer to open the text file, and “fp”
is the pointer to write the .dcm file as the result.

To read all records in the text file, we just modified
the fscanf function and looped it until the end of the file.

The value length (in bytes) of the waveform data
attribute is the number of samples multiplied by number
of leads multiplied by the number of bytes per sample
(which is 2 for OW). So in our case, the length of the
waveform data attribute is 12 * 2500 * 2 = 60,000 or
0x0000EA60.

104

(JCMIT2008)

9. The Result
We use a web-based DICOM viewer which is
support waveform data at

http://www.excel-medical.com/waveforms/Viewer/Dico
mWaveformViewer.htm.  This web-based DICOM
viewer has been developed by using activeX technology
from Microsoft.

Here is the view of our result file that produced by
our DICOM Waveform Generator :

WEN-YAWCHUNG 1D 123-654

Figure 13. The DICOM result file

10. Discussion

We have developed DICOM Waveform Generator
from the scratch based on DICOM 3.0 specification and
DICOM Supplement 30 specification by using basic C
language. The code was easily transferred and modified
into embedded system or MCU based system.

Our DICOM waveform generator can be extended
to cover more complicated waveform data in DICOM
file since the need of medical treatments which are
involves waveform data is rapidly increased.
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