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(57) Abstract: A device and process for preventing medical errors due to the improper administration of an intravenously delivered
medication includes the spectroscopic analysis of intravenous fluid components. An emission source and detector are placed adja-
cent to the intravenous tubing of an administration set to generate signals for spectroscopic analysis. The signals are processed to
identify the medication and, in certain embodiments of the invention, can determine the medication’s concentration. In a preferred
embodiment, the emission source, detector, and hardware and software for the spectroscopic analysis are placed in an infusion pump.
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DEVICE AND METHOD FOR QUALITATIVE
AND QUANTITATIVE DETERMINATION OF
INTRAVENOUS FLUID COMPONENTS

This application is a continuation-in-part of provisional application serial no.

60/375,691, filed April 26, 2002.

FIELD OF THE INVENTION

This invention relates generally to devices and methods of preventing
medication errors. Specifically, utilization of spectroscopy for the qualitative and
quantitative determination of fluid path components is disclosed. Spectroscopy can
be applied to intravenous infusions where the determination of fluid path
components can significantly decrease and prevent the occurrence of medication

€ITOorS.

BACKGROUND OF THE INVENTION

Medical errors are recognized as a serious problem associated with the
delivery of health care. The Institute of Medicine estimates that as many as 98,000
Americans die annually as a result of preventable medical errors. Medication errors
constitute a critical component of medical errors in general. The Joint Commission
on Accreditation of Healthcare Organizations (JCAHO) stated in the November 19,
1999 Sentinel Event Alert, "Medication errors are one of the most common causes
of avoidable harm to patients in health care organizations." The 2001 publication

"Retrospective Analysis of Mortalities Associated With Medication Errors,” Am. J.
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Health-Syst. Pharm., Vol. 58, Oct 1, 2001, reported that among fatal medication
errors, improper dose (40.9%) and administering the wrong drug (16%) were the
most frequent. The FDA 2002 Performance Plan proposes the development of
standards to prevent dosing and drug mix-ups.

Medication errors are attributable to one or more of fourteen causes that span
the range from conceiving a therapeutic regimen to the delivery of a pharmaceutical
compound. The top six mistakes, according to the Am.J. Heath-Syst. Pharm.
article, constitute 80 per cent of all medication errors and are, in decreasing
frequency, wrong dose, wrong drug, wrong route of administration, wrong patient,
wrong rate, and wrong concentration. A number of commercially available products
attempt to address the need to decrease the incidence of medication errors and are
directed at various aspects of the possible mistakes. These products utilize
software, drug libraries, and institutional limits placed on specific drugs.

For example, Alaris Corporation markets a software system named
Guardrails™., Guardrails™ provides protection against infusion programming
errors with tests of reasonableness during the initial programming and in
subsequent programming of intravenous (IV) infusions. The system includes
pre-programmed drug maximums that cannot be overridden by faulty bedside data
input. The system, however, still leaves the potential for wrong drug, wrong
patient, wrong rate, and wrong concentration errors.

Picis Corporation also offers medication management and data collection

software trademarked as CareSuite ™, An excerpt from its literature states:
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"Simply obtaining the infusion dose or rate from the intravenous pump would not
be enough without automatically identifying the drug beiné administered. Thus the
goal was to minimize computation and recording errors and give clinicians greater
control over fluid management. With automatic data collection by CareSuite™
directly from the infusion pump, clinicians can be assured of accurate fluid
infusions. Medical errors related to incorrect data entry and incorrect calculations
are reduced.”

Systems like Guardrails™ and CareSuite ™, while helpful in decreasing
medication errors, all suffer from the same vulnerability, namely operator error.
One such error arises, for example, when the wrong drug concentration, or even the
wrong drug, is mixed by a hospital pharmacy. As the intravenous administration
systems cannot identify the composition or concentration of an intravenous
infusion, drug swap or admixture concentration errors are not prevented. U.S.
Patent No. 6,070,761 to Bloom et al attempts to deal with this problem during the
vial loading process by standardizing and automating drug mixture and then
verifying that the drug is the correct one for a given patient. Networking to one or
more databases performs the verification. The system envisions various security
and quality control features such as bar codes and passwords. Although this system
may potentially lessen the likelihood of human errors, it cannot eliminate them,
because it cannot positively identify the infusate.

Another unfortunate issue has been that of medical personnel deliberately

administering unprescribed, dangerous, and even fatal types or doses of
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medication. One reported case resulted in the criminal conviction of a medical
professional who administered muscle relaxants to ICU paiients, resulting in a
number of deaths. Currently, there is no system to 4_autornatica11y alert medical staff
to this kind of danger. Errors of omission also occur in the administering of
medications. As an example, such an error could occur when scheduled doses,
whose timing is critical, are omitted or administered at unscheduled times. A
system that automatically identifies the drug, time of administration, and dosing
would serve as a quality control systen\x to prevent inadvertent medication errors, as
well as a deterrent to the deliberate misuse of the drugs or the omission of
scheduled doses.

The pharmaceutical manufacturing industry, where real-time, on-line
analysis of compounds is helpful for quality assurance and compliance with FDA
GMP (Good Manufacturing Procedures) regulations, has automated systems that
perform qualitative and quantitative analysis. These systems provide an automated
analytical capability using spectroscopic analysis. A spectrometer passes a
continuous portion of the electromagnetic spectrum through a specimen to develop
an absorption spectrum. To establish a compound’s identity, the absorption spectra
can then be compared to spectral libraries of specific compounds. This
identification process can be digitally automated. Quantitative analysis based on
chemometric algorithms is then possible. The Beer-Lambert law, where all

variables except concentration are known, can be used to perform the quantitative

analysis. In present commercial applications, spectral databases use wavelengths in
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the range of 1-15 microns. The commercial devices, however are too large and too
expensive for incorporation into clinical use.

Medical applications of spectroscopy are kqown. For example, Robinson,
in U.S. Patent No. 6,278,889, discloses a quantitative spectroscopic system to
noninvasely determine in vivo glucose concentrati:)ns. Robinson also discloses the
basics of quantitative spectroscopy. Unfortunately, Robinson’s system is complex
and costly due to 1) a variable path length and 2) a multiplicity of absorbing
substances within the light path other than the analyte of interest.

U.S. Patent No. 6,122,536 to Sun et al discloses an in vivo invasive infrared
(IR) emitter and sensor for quantitative determinations of circulating analytes. The
complexity of this system is due to the multiplicity of analytes and tissue
components lying within a variable and, at times, a changing optical path length.
The ideal situation for qualitative and quantit]ative spectroscopy exists when a
single compound is suspended evenly in a relatively non-absorbing and spectrally
known medium, and enclosed in a vessel relatively transparent to electromagnetic
radiation and having a known spectral profile. Ideally, the vessel has a fixed,
known optical path length. A fixed and known path length would, however, be
unnecessary in systems utilizing Raman spectroscopy. Reflectance-based systems
and qualitative systems without quantitative capability would also not require a
fixed optical path length.

Rapid advancements in the areas of solid-state electronics, optoelectronics,

and microprocessors have allowed the commercial production of high quality and
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inexpensive components in spectroscopic analysis. Various combinations of
hardware and software can now perform rapid spectral datél acquisition and analysis
functions inexpensively. Medical and non—medical_applications of these
technologies are known. For example, pulse oximetry utilizes an LED-photodiode
arrangement whereby two frequencies are sequentially passed through perfused
tissue to determine oxygen saturation levels of hemoglobin. The transmittance
ratios of these two wavelengths are then compared to an empirically derived and
stored nomogram to determine the percentage of oxygen saturation. One example
of such a device is U.S. Patent No. 4,621,643 to New, Jr. et al.

The present wavelength range of commercial LED’s is about 400-1,600
nanometers, or 0.4-1.6 microns. One example of an LED application, U.S. Patent
No. 5,995,858 to Kinast, discloses a phase-shifted, dual LED oximeter, which
increases the signal to noise strength. The LED-photodiode probes used in the
oximeter are the size of a band-aid and are inexpensive enough for a single,
disposable use. Rosenthal, in U.S. Patent No. 4,286,327, has devised an LED-based
system for quantitative analysis of grain. McDonald, in U.S. Patent No. 6,072,576,
discloses an on-line, real-time Fourier Transformed near infrared (FTNIR) based
system for process control in a chemical plant. Similarly, Ditmarsen, in U.S. Patent
No. 6,236,048, discloses a spectrally based system for characterization of a
flowable material. Axon, in U.S. Patent No. 6,362,891 discloses an FTNIR system
for quality control of pharmaceutical tablet ingredients. It is noted that permissible

tolerance levels of the ingredients are set for comparison to known levels, but
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thereafter unskilled operators are able to operate the system. Schnell, in U.S.
Patent No. 4,620,284, discloses a Raman-based system for qualitative and
quantitative analysis using primarily a photodiode array for signal collection prior
to comparison with known spectra.

To provide safer intravenous infusion would require that any qualitative or
quantitative analysis of the infusate have some direct operative connection with the
infusion process. Medications are often administered intravenously in a hospital
setting utilizing a bag containing the added medication, an intravenous
administration set, and an infusion pump. One conventional type of infusion pump
system employs a peristaltic pump in conjunction with an intravenous
administration set. The administration set consists of flexible thermoplastic tubing
through which fluid flows from a suspended container, such as a flexible bag or
rigid bottle, to a patient’s vein. Much of the prior art relating to pumps is directed
to delivering an accurate infusion rate, because an inaccurate infusion rate will lead .
to potentially dangerous incorrect doses of medications and fluids. One example of
an infusion pump is U.S. Patent No. 6,261,262 to Briggs et al. IV administration
sets, such as U.S. Patent No. 5,226,886 to Skakoon et al, provide tubing that carries
the intravenous fluid through the infusion pump and to the patient.

Numerous models of IV infusion pumps and IV administration sets are
commercially available. A typical system would be like that of the Horizon family
of pumps and Horizon IV sets sold by B. Braun. All pumps in this family deliver

infusions by positive pressure, which is generated through a volumetric
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displacement reservoir. This reservoir is incorporated within the IV administration
set tubing, which is loaded into the pump via a door meche;nism. The pump is set
to run at a certain rate and activated. Alarms typicglly indicate some or all of the
following problems: air-in-line, container empty, door open, downstream occlusion,
hold time exceeded, low battery, low flow, system error, and upstream occlusion.
Other common features include a dose/rate calculator mode, which automatically
calculates the rate when dose information is entered, or the dose when rate
information is entered. “Smart Pumps” can have preprogrammed institutional drug
limits. The newest pump in the Horizon series, the Outlook ™ incorporates bar
code scanning technology to reduce drug administration errors. Even this
technology, however, cannot account for errors such as incorrect admixture or
incorrect labeling of the drug containers. -

Ultimately, the existing safety systems related to intravenous infusion
attempt to ensure that the right drug, in the right dose, is given to the right patient,
with the right route of administration, at the right rate and strength, and at the right
time. They all fail, however, because they lack a real-time ability to identify
pharmaceutical or other compounds while these substances are being delivered to
the patient. Such a system would further reduce medication errors. It would also
permit data capture, storage, and analysis. Such a system could, for example, be
integrated with a computer order entry system to form a complete feedback loop
for quality assurance, maintenance of patient records, generation of bills, or even

research and statistical analysis. 1t could, for example, eliminate the need for nurses
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to chart the administration of intravenous medications. At the present time, no

mechanism exists that can perform these functions, because no automated

mechanism exists for the qualitative and quantitative analysis of the drugs as they

are intravenously provided to a patient.

SUMMARY OF THE INVENTION
The safety and efficiency of the administration of intravenous

pharmaceuticals can be improved by adapting the infusion process for
spectroscopic analysis. This approach is feasible and would solve many of the
problems previously identified. The medications are individually mixed with
carrier solutions that are weak absorbers in the ultraviolet (UV), visible (VIS), and
near infrared (NIR) range. These solutions are administered with intravenous
administration sets made from polyvinylchloride or other similar polymers, which
are also weak aBsorbers in the UV-VIS-NIR region. Typical medication carriers,
such as 5% dextrose in water or 0.9% sodium chloride solution, and the polymers
within the intravenous (IV) administration sets, have known spectral profiles which
can easily be compensated for in the qualitative and quantitative determinations of
the compounds of interest.

The present invention qualitatively and quantitatively determines fluid path
components in intravenous infusions for medical patients. In one preferred
embodiment, it utilizes an IV administration set containing an optical window in

conjunction with an IV infusion pump. Preferably, the pump contains embedded
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hardware and software to perform the spectral analysis of the fluid path .
components. By implementation of the present invention, érrors of medication
administration may be prevented. In addition, the i_nvention may include warning
mechanisms, fail-safe infusion shut-offs, means for automated reéording of
administered drugs, and other features facilitating administrative documentation
and quality control.

In one embodiment of the invention, an infusion pump is used in the
spectroscopic analysis of an intravenously delivered fluid. The analysis identifies
one or more of the fluid’s components, and preferably also determines their
concentration. The pump includes a housing with an exterior and an interior. An
intravenous administration set is used to deliver the fluid. The fluid follows a path
through the interior of the pump housing. An emission source disposed within the
housing directs a predetermined spectrum of electromagnetic radiation (EMR) at
the fluid. A detector disposed within the housing detects that portion of the
radiation transmitted, absorbed or reflected by the fluid, depending on the type of
spectroscopic system. The detector produces an electronic signal used to
spectroscopically analyze a component or components of the fluid. In the preferred
embodiment of the invention, light-emitting diodes (LED’s) are used for the
emission source, and the exterior of the pump has controls and a display for
controlling the spectroscopic analysis. In other embodiments of the invention, the
control of the analysis and the display of its results can be performed remotely by

various peripheral devices like keyboards and monitors.
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In another embodiment of the invention, a process is used to more safely
deliver intravenous fluid to a patient, thus reducing or eve1’1 eliminating the medical
errors previously discussed, such as wrong drug aqd wrong concentration errors.
The process includes the steps of providing the fluid to be intravenously delivered
and connecting it to an intravenous administration set. The intravenous
administration set is connected to the patient, and the fluid is spectroscopically
analyzed. Preferably the analysis is performed by providing an EMR emission
source and detector on opposite sides of a fluid path, although other systems, such

as Raman or reflectance, can be used. The detector generates a signal that is used to

10 perform the spectroscopic analysis. In one preferred embodiment of the process,

15

20

light-emitting diodes are used as the emission source. In another embodiment, the
administration set is operatively connected to the infusion pump. An analysis of the
detector signal can provide the identity and concentration of the medication. If the
detector signal is coordinated with the rate information from the pump, then the
dose can also be determined.

In yet another embodiment, the invention comprises a system that includes a
spectroscopic analyzer separate from the infusion pump. In one embodiment, the
analyzer can be a self-contained unit that fits around the tubing of the intravenous
administration set. It can even be used with a gravity drip and no infusion pump.
The analyzer has an EMR emission source and detector adjacent to the fluid path
through the analyzer. Variations of this embodiment are also contemplated. For

example, the analyzer can include all of the hardware and software necessary to
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perform the spectroscopic ané.lysis. Alternatively, the ability to perform the analysis
can be provided in a device located in the samé room as thé patient, or at a remote
location such as a nurse's station. A keyboard and djsplay can be included with the
analyzer, of they can be peripherally attached in the patient's room, as with the
peripheral attachments of desktop personal computers. In another variation, the
analysis can be controlled only remotely, such as from the nurse's station, or both
remotely and from in the patient's room. Here, too, the analyzer provides the
identity and concentration of the medication. When combined with rate
information from the pump, the delivered dosage can also be determined.

In still another embodiment, the invention comprises an intravenous
administration set having tubing to supply intravenous fluid to a patient. The
administration set includes an optical window that permits the transmission and
de.tection of EMR for use in a spectroscopic analysis of the fluid’s components. In
the preferred version of this embodiment, the optical window is in an optical
chamber that creates a more precise optical path length for the spectroscopic
analysis.

As aresult of the present invention, the medical field can now prevent
wrong drug and wrong concentration errors. This ability can now be combined with
existing or easily adaptable electronic devices and software to also minimize or
eliminate errors relating to wrong dose, wrong concentration, wrong administration
time, and even wrong patient. Even in the simplest of embodiments, the present

invention will provide improved care and increased deterrence. Nurses and other



WO 2004/033003 PCT/US2003/006162
-13-

medical personnel will be more attentive knowing that any incorrect drug or

improper dose will be recorded, and it will be more likely that system errors can be

identified. Additional features and advantages of tl_xe present invention will become

apparent when considered in conjunction with the accompanying .drawings and the

5 detailed description below.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is a perspective view of an intravenous administration set.

10 Figure 1B is a perspective view of an infusion pump that is mounted on a

stand and can be used with the administration set.

Figure 2 depicts an optical chamber with recessed optical windows.

15 Figure 3 is a plan view along section B-B of Figure 2, depicting the recessed

optical windows within the optical chamber.

Figure 4 schematically depicts a pole mounted pump housing with an LED
array, photodetector, and an indentation to position the optical chamber.

20

Figure 5 is a block circuitry diagram of an LED array and pilotodetector

" schematically depicted in Fig. 4.
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Figure 6 is a timing diagram for a spectroscopic analysis using three LED’s
and depicts sampling intervals and output concentrations.

Figure 7 shows the IR specira of morphine, dilaudid, and demerol.

Figure 8 schematically depicts a pole-mounted IV pump housing with an

infrared emission source and a photodiode array detector.

Figure 9 depicts a portion of an IV administration set with an optical

10 window.

15

20

Figure 10 depicts an optical housing covering the optical window.

Figure 11 is a cross section of a two-way fiberoptic bundle.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

Two examples of the present invention are discussed below in connection
with Figures 1-11. The first example uses a three LED array to check for the
presence of morphine HCL. It is discussed with reference to Figures 1-7. Morphine
is used as an example because the JCAHO has identified narcotics as one class of
agents involved in a significant number of medication errors. The embodiment in

Figures 1-7 might be used, for example, in Patient Controlled Analgesia (PCA)
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pumps. PCA pumps are dedicated for use typically with one of three narcotics:
morphine, dilaudid, or demerol. An LED-based system f<;r this application would
be inexpensive and would be able to qualitatively and quantitatively function with a
minimum of spectral data points. The second example, in Figures‘ 8-11, utilizes a
photodiode array collector and IR broadband emission source. This arrangement
could be employed for a ‘system that processes a large number of different
pharmaceutical compounds. It could be updated by the inputting or downloading of
reference spectral data to its memory.

FIG. 1A depicts a typical IV administration set 40. Figure 1B depicts a
typical peristaltic infusion pump 50 that measures the flow rate of intravenous fluids
being delivered through administration set 40. The administration set 40 is typically
employed to deliver parenteral fluids, medications, whole blood, red blood cell
components, and the like from a fluid container, such as a bottle or flexible bag 42.
Bag 42 is shown in FIG. 1B supported on an intravenous administration stand 44.
A portion of the administration set 40 is engaged by the peristaltic pump 50, and a
distal portion of the administration set 40 downstream of the pump 50 can be
connected to a patient’s indwelling vein access device, such as a needle or cannula
(not illustrated), which is inserted into the patient.

The administration set 40 has a hollow piercing pin 46 projecting from a
conventional bacterial filter 48 at the upper end of a drip chamber 52. A length of
hollow flexible tubing 54 extends from the bottom of drip chamber 52 through a

roller clamp 56. Disposed on tubing 54 downstream of the roller clamp 56 is a slide
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clamp 60. A conventional Y-injection site 62 is provided on the tubing 54
downstream of the slide clamp 60. The distal end of the tufing 54 is provided with
a conventional male adaptor 64, which is deéigned_io be attached to a venipuncture
device (not shown). The IV administration set in Fig. 1A and adapted for use with
the present invention is preferably constructed of a standard medical grade polymer
such as polyvinylchloride (PVC), which has known and minimal absorption in the
UV-VIS-NIR wavelengths.

Other typical IV administration sets are configured differently and may have
more or fewer components. For the purpose of the present invention, the important
aspect of the administration set is the tubing that carries the fluid through the
infusion pump and to the patient. Thus, the use of the term IV administration set
can also be understood broadly to be just the tubing. To the extent the present
invention may require other features to operate, the administration set should be
understood to include typical features of an administration set, such as drip chamber
52, roller clamp 56, adaptor 64, or a venipuncture device.

As shown in FIG. 1B, the pump 50 includes a housing 70 and a clamp 72
with knob 73 by which the pump 50 can be mounted to stand 44. A handle 74
projects upward from the top of the housing 70. The exterior of pump 50 has a front
panel 76 containing a liquid crystal display 78 and a key pad 80. Next to front panel
76 1s a front door 90 with handle 94. Tubing 54 passes into, through, and out of the
interior of pump 50, where the flow rate of the intravenous fluid is physically

controlled according to parameters entered on key pad 80.
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Figure 2 shows tubing 154 passing through optical chamber 104. Preferably
optical chamber 104 consists of a fixed dimension, parallell-walled structure
configured to be included in an infusion pump hou_sing. Optical windows 106 are
physically recessed within optical chamber 104. This protects the optical windows
106 from damage or smudging, which in turn could distort EMR absorption and
reflection values. IV tubing 154 and optical chamber 104 with fixed optical path
length A would be primed with the infusate. A fixed length optical path would not
be a requirement of a solely qualitative, transmission-based system or a system
based on reflectance or Raman spectroscopy.

Figure 3'is a plan view through section B-B of Figure 2 showing recessed
optical windows 106 delineating path length A. As depicted in Fig. 3, the optical
window106 is that part of the optical chamber through which EMR traverses. It
may or may not be recessed, may or may not be of the same composition as the
optical chamber, and may be positioned on both sides of the optical chamber in

transmission-based systems. It could, however, in the case of a reflectance or

~ Raman system be a single window on one side of chamber 104. As discussed below

with respect to other possible embodiments, the term optical window should, where
appropriate, be interpreted in its broadest sense as permitting the passage of EMR.
Alternatively, the one depicted in Fig. 3, it can have a discrete physical structure,
such as the one depicted in Fig. 3.

Figure 4 schematically depicts a hinged intravenous pump housing 108 in the

open position. Only aspects of the present invention are shown and described.
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Other conventional aspects related to pump control, monitoring, warning and the
like are ﬁot shown. An array of three LED’s 146, 148, 156, and photodetector 112
are located in receptélcle indentation 116, in the pump’s interior 120. Notch 125 is
adapted to hold tubing 154. Loading optical chamber 104 into infusion pump 108
and closing door 118 linearly aligns optical chamber 104 between LED array 110
and photodetector 112. Mirrors, choppers, fiberoptic bundles, and other optical
devices (none of which are shown) can be utilized to deliver the EMR in various
ways, such as a point source. In the preferred embodiment, tubing 154 includes
optical chamber 104 that provides the fixed optical path required for quantitative
analysis. It is also possible to eliminate optical chamber 104 and secure tubing 154
in a predetermined path in the pump’s interior. Simply securing tubing 154 between
LED’s 146,148, 150 and photodetector 112 may provide an optical window through
the tubing with enough of a fixed optical path length without varying the cross-
sectional configuration of the entire length of tubing. There is concern, however,
that the flexibility and roundness of tubing 154 may vary the optical path length
from one use to the next, depending on how the tubing is manually placed in the
pump. That is why the preferred embodiment includes optical chamber 104. In
Figure 4, notch 125 and indentation 116 hold tubing 154 and optical chamber 104
securely within the pump interior 120. The tubing154 and optical chamber 104
provide a path for the intravenous fluid that takes it between LED array 110 and
photodetector 112 to enable the spectroscopic analysis. The term fluid path should

be understood to encompass a meaning necessary to understand the claims and to
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enable the present invention. The path, for example, may simply be a portion of
tubing or it may be a location inside the pump where the ‘aibing 1s placed.

In one embodiment of the invention schema__tically depicted in Figure 4, the
exterior of pump housing 108 can include a key pad (not shown) and display (not
shown) similar to key pad 80 and display 78 in Figure 1B. The key pad can be used
to preprogram numeric, alphanumeric, or even alphabetical information that
identifies ‘important parameters such as the identity of the fluid components to be
analyzed, the maximum allowable concentrations of medication, information related
to dose scheduling, and even administrative options such as patient name or number
and whether the information should be saved or transferred to a remote database. In
the preferred embodiment the fluid components are medications, or even
components of the medications, that can be used to identify medication being
administered to a patient.

Figure 5 is a diagram of the spectroscopic analysis. Clock 130 controls
timing generator 132, which sequentially drives LED’s 146,148,150. The optical
output traverses the optical windows 106 (not shown) and optical chamber 104 and
the infusate containing the compound of interest. The optical output is detected by
photodetector 112. Photodetector 112 sends signal 155 to amplifier 156. The
amplifier output is sampled by the A/D converter 158 as allowed for by LED timing
sampling pulses 1, 2, and 3. The final output signal is sent to pre-programmed or
programmable microprocessor 160, which can also control LED signal generation.

Microprocessor 160 is preferably programmable and can provide network
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interfacing capability. Present LED wavelengths range from approximately 400 to
1600 nanometers. It is understood that longer wavelengths are under development.
Figure 6 shows a timing diagram in which the three LED's are sequentially
driven, with one dark sampling interval. The dark period allows the continuous
subtraction of ambient stray light from the LED transmissive values. One cycle is
shown, with typical drive frequencies on the order of 300Hz. The photodetector
signal strength outputs are shown as a bar graph. This ratio of photodetector output
is unique to and constitutes the unique identifier for any single pharmaceutical. The
number of wavelengths necessary for the analysis may vary, depending on the
number of pharmaceuticals in the universe and their underlying spectra. Though
absolute signal strength varies, the ratio of signal strengths at the given wavelengths
are concentration independent and constitute the unique characteristic of a particular
compound, regardless of concentration. This ratio of signal strength is used to
identify the compound by virtue of a comparison to known stored values.
Photodetector ou;cputs for single and double strengths of the same pharmaceutical
compound are shown in Fig. 6 to illustrate this point: The output from the double
strength solution of concentration 2 is Half that of concentration 1, but the
transmittance ratios remain the same.
. Figure 7 shows the IR spectrum of morphine, hydromorphone, and

meperidine. One can see that as few as two wavelengths are needed to generate a
unique identifying ratio that enables differentiation in this limited drug universe.

For example, percent transmittance corresponding to the 3 and 4 micron
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wavelengths are shown at the left in a bar graph format. Dividing the percent
transmission at 3 microns by that at 4 microns results in the unique identifying ratios
in the left-hand margin. It is appreciated that these-ratios are concentration
independent. Hence in some instances, a two-wavelength photodetector
arrangement could be utilized with minimal cost.

A Patient Controlled Analgesia (PCA) pump provides a basic example. A
hospital wants a qualitative confirmation (yes or no) and quantitative information
(dose or concentration) concerning a drug universe of morphine, dilaudid, and
demerol, for which it utilizes a dedicated PCA pump. In the present example, the
nurse may input the drug, concentration, and patient identifier information. The

pump would have its own microprocessor-based control and data handling functions

~ for rate control and spectroscopic analysis. A keypad and display panel on the

outside of the pump could be used to perform data input. Alternatively, one could
use a separate monitor and keyboard, as with personal computers. The control and
analysis functions could be provided through a network to the pump, in a patient’s
room, a nurse’s station, or elsewhere. The drug container could be bar coded and
scanned by the pump for comparison to computer-entered orders for the patient.
Once the pump is programmed, the infusion is begun.

The pump can be programmed at the factory or at the hospital, or portions of
the programming could be performed at each location. The type of programming
would be determined by the number of specific pharmaceuticals and quantitative

and qualitative data required. The choice of various hardware and software aspects
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of the programming and control of the pump are left to the designer. The pump
would have a number of LED's as the emission source, sor;ne or all of which would
be activated based on the unique identifier characte_ristic of the narcotics in the
hospital formulary. These LED's and their respective outputs would then be
activated in a timed manner such that the photodetector output ratios are
concentration independent and able to qualitatively differentiate the compounds.

As an example, a three LED system mi ghi have four discrete sampling
intervals for calculation purposes. In the first interval, the first LED would be
energized and the emission would pass through the sample and be detected by the
photodetector. The next interval would contain the photodetector signal from the
second LED, and the third interval would contain the photodetector signal from
LED 3. Interval four would sample signal generation due to ambient light without
LED activation, which would be subtracted from all LED signals prior to
calculation of the relative transmissive values.

The transmission ratio generated by the three LED array would then be
calculated and compared by algorithm to known transmission values. The
identification could be performed as a YES or NO query. YES causes the software

to proceed to the quantitative aspect of the algorithm, if desired. NO leads to one of

-several actions depending on the programming. Most likely the programming will

cause the infusion to stop and will give a readout of the error involved.
The calculation of the transmissive ratios, which are concentration

independent because they reflect the relative signal strength output at specific
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wavelengths, allows the system flexibility to deal with the absorptivity of varied
concentrations. Concentrations will vary with dosage, adn;ixture techniques, etc.
Transmissive ratios will, however, remain constant. regardless of concentration and
will function as the unique identifier for any given compound.

The quantitative analslsis begins by selecting at least one wavelength which
hasa kno'wn percent transmission greater than 0 and less than 100 percent. If all
other variables except concentration are known, the Beer-Lambert equation can
solve for concentration. Ata fraction of 300Hz, the concentration is determined,
multiplied by the infusion rate, and then integrated over time to tabulate the total
dosage. For safety, it is preferable that the step of qualitative confirmation always
be performed before any quantitative analysis. Otherwise, programming only for a
quantitative analysis of the drug risks propagating a wrong drug error. The
hardware and software components for using the spectroscopic data will vary
according to the user’s requirements. Different healthcare facilities have different
clinical and administrative needs. Simpler requirements may include qualitative
identification and/or quantitative data for a single agent. More sophisticated
requirements could necessitate both qualitative and quantitative analysis for a
complete and ever expanding pharmacopoeia.

In the situation where a hospital desires an expanded ability to qualitatively
and/or quantitatively determine fluid path constituents, a system utilizing a
photodiode array detector could be employed. This system would likely cost more

than a basic LED system but would have the advantage of generating a vast number
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of spectral data points quickly and accurately. Many types of equipment could be
employed, including different emission sources, such as a t’ungsten, halogen, or
incandescent lamp for generating a broad spectrum‘of wavelengths. A variety of
detectors could also be used, such as photovoltaic and photocondﬁctive cells,
vacuum phototubes, photomultipliers, photodiodes, and charge coupled devices.
The examples of an LED and PDA-based system are given as preferred examples of
an inexpensive system, but they are not intended to limit the scope of the invention.
Various embodiments of the invention with any given emission source would
function well with an appropriately matching detector.

Figure 8 depicts an alternative embodiment where the emission source is a
broadband infrared emitter and the data génerated is absorbance. The emission
source could use various EMR wavelengths, depending on the underlying spectra of
the pharmaceutical universe. Likewise, reflectance, Raman, or any other spectral
data could be gathered and analyzed. IV pump housing 208 is mounted on pole 262
and is again schematically depicted without details relating to infusion rate
components. Emission source 264 in this embodiment emits over the range of 1-15
microns, which is the typical range of existing commercial spectral databases. This
range allows “fingerprinting” of compounds, i.e., the determination of fluid
components independent of their concentration. This data is digitally compared to
stored reference data at predetermined confidence levels. Many mathematical

algorithms are capable of analyzing the data.
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The emission from source 264 traverses the optical window and optical
chamber containing the IV infusate (not shown) and is diffracted by prism 266 or a
holographic grating (not shown). Diffracted radiat?.on 268 1is detected by
photodiode array 270 and generates a multiplicity of signals. A CPU (not shown)
controls the process, is programmable, and can acquire an entire spectrum in a
fraction of a second. As before, the relative ratios acquired are the basis for a
concentration independent identification of the compound when compared to stored
spectral data. This process is repeated rapidly and the results averaged on an
ongoing basis. Quantitative analysis can also be performed using chemometric
analysis where the path length of the optical chamber is known and is integrated
over time with the flow rate from the pump to result in a summation of dose
delivered over time.

Figure 9 shows a portion of an intravenous administration set with tubing
254, an optical chamber 274, and infusion port 276. In Figure 10, optical housing
280 engages and covers optical chamber 274. Optical path length C is fixed
between opposing walls of optical chamber 274. The walls of chamber 274 could
be the optical windows through which the EMR passes. This arrangement would be
used in situations such as the operating room, where IV medications are delivered
by IV bolus. Here it would be advantageous to physically distance the emission
source and detector hardware from the optical housing 280 by means of fiber optic
cable 282. In Figure 11, fiberoptic cable 282 is shown in cross section. Fil;eroptic

bundles 284 transmit the emission electromagnetic radiation to housing 280, and
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fiberoptic bundles 286 transmit the collected electromagnetic radiation to the
detector hardware and software.

The preceding discussion of the present invention covers its basic structure
and process. Those of skill in the art will realize that changes can be made in the
fabrication and configuration of the invention, and that such changes can be made
without departing from the spirit of the disclosed embodiments. For example, the
descﬁption of the invention contemplates that an emission source and a detector will
be permanently mounted in the pump housing, and that the spectroscopic analysis of
the signals generated by the detector can be performed by the pump. This is
accomplished by electronic hardware and/or software known or easily developed by
those in the art. The information could be displayed by the pump, or it could be
transmitted to and displayed at a remote location such as a nurse's station, or
displayed at both locations. Similarly, the controls for the spectroscopic analysis
could be pump mounted, remotely located, or both. The analysis can be performed
by any combination of hardware and/dr software. For example, pumps could use
modules with different hardwired or programmable chips that could be swapped in
and out of different pumps. Each chip would represent the analytical capability for
one or more fluid components. Indeed, the emission source and detector could be
configured to employ a Raman-based system for qualitative and quantitative
analysis or a reflective-based system for qualitative analysis. While one preferred

embodiment uses inexpensive LED’s in a system based on transmission-absorption,

the invention should not be so limited.
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Other embodiments would have practical application. For example, a simple
spectroscopic analyzer with an emission source and detectc;r could be located in a
structure remote from the pump. Such a device would be useful in the operating
room, where drugs are given by IV push and only a qualitative analysis may be of
interest. The term remote should be understood to mean that two structures are
physically distinct. In terms of actual distance, they could be touching or they could
be miles apart. Some examples will clarify this point. The emission source and
detector could be located in a device adapted oﬁly for the spectroscopic analysis,
and not for the rate monitoring function performed by the pump. Such a
spectroscopic analyzer could be a separate housing clamped around the tubing of the
IV administration set downstream from the infusion pump. An example would be
somewhat like Figure 4 (or Fig. 8), except that the structure depicted in Figure 4
would be just the spectroscopic analyzer, and it would not have any infusion pump
components or functions as described earlier but not show in the drawings. The
analyzer could be mounted on the same stand as the pump or on a different stand, or,
if light enough, simply clamped around the tubing with the intravenous fluid. It
could be connected to the pump, where control and display of the spectroscopic
analysis would still occur, or it could have its own control and display mechanisms.
To quantitatively analyze th¢ infusate, however, the analysis would require the
infusion rate established by the pump. Some data link between the pump and the
analyzer would be required. Like the embodiment in which the emission source and

detector are mounted inside the pump, the electronic devices necessary to control
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and perform the spectroscopic analysis in a device separate from the infusion pump
can be configured in a variety of ways. The analysis can bé controlled and
performed in the same device containing the emissi.on source and detector, or
various aspects of the control of the analysis and the analysis itself can be located
remotely. The location and/or duplication of devices for control and data
manipulation, such as keyboards, display panels, and hardware and software for
spectroscopic analysis, are all a matter of choice. That choice is dictated by the
needs of the medical services provider and the cost of any desired configuration.
These choices do, however, permit the medical field to improve its ability'to address
all types of the medication errors that are discussed above.

Another example of variations to the invention can be seen in the tubing 154
and optical chamber 104. As noted earlier, one embodiment of the invention
contemplates using just the tubing 154 with its cross-section determining the optical
path length. Should one use the preferred embodiment in Figures 2 and 3, which
include both tubing 154 and chamber 104, a variety of configurations are still
possible. Chamber 104 need not be rectilinear in shape and need not have recessed
windows 106. The primary consideration is maintaining optical path length A as
fixed as possible in relation to the emission source and detector. Similarly, it is a
matter of choice whether to fabricate chamber 104 and tubing 154 as a unitary
structure from the same material. One possible embodiment could include an
administration set that comes with two separate pieces of tubing that can be fixed to

the optical chamber by medical personnel in a clinical setting. The chamber, in turn,
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can be placed inside the infusion pump by the medical personnel; it can be
permanently constructed into the interior of the pump; or, i‘t can remain outside the
pump as part of a separate system for analyzing the fluid. Therefore, the term fluid
path should be understood in its broadest sense to include those features necessary
to give the term meaning. The fluid path may include a physical structure (or
portion of it) containing the fluid or the tubing, it may represent a volume of space
through which the fluid moves, or it may include something in between.

For simplicity, the invention has been described in terms a single fluid
component. If more than one medication were provided intravenously to a patient,
analysis of each medication would require a separate IV adrrﬁnistration set with its
own emission source and detector. This would be the case, for example, in intensive
care units, where it is not unusual to provide a patient with four to six different
medications, each associated with a separate infusion pump. It is, however, possible
to develop a spectral database for a fluid with multiple components. A single
emission source and detector could then be configured to provide the necessary
wavelengths to simultaneously identify and quantify more than one pharmaceutical
compound or fluid component being delivered through the IV administration set. In
such a case, only one pump with one set of spectroscopic hardware and software
would be necessary.

In yet other embodiments, the present invention could be adapted to
functions other than the intravenous delivery of medication. One such function

could involve kidney dialysis or similar procedures.
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Therefore, in the spirit of the broad description of the invention, the

invention 1s defined in the following claims.



10

15

20

WO 2004/033003 PCT/US2003/006162

-31-

WHAT IS CLAIMED:

1. An infusion pump for spectroscopically analyzing one or more
components of an intravenously delivered fluid, comprising:

a pump housing with an exterior and an interior;

a fluid path disposed within the interior of the housing;

an emission source disposed within the housing interior and adjacent
to the fluid path for directing electromagnetic radiation at the fluid; and

a detector disposed within the housing interior and adjacent to the
fluid path for detecting the electromagnetic radiation and for generating a

signal for use in spectroscopically analyzing at least one component of the

fluid.

2. The pump of claim 1, further comprising at least one of electronic
hardware and software adapted to process the detector signal to

spectroscopically analyze the at least one component of the fluid.

3. The pump of claim 1, further comprising an optical chamber disposed
adjacent the emission source and the detector and through which the fluid

passes during spectroscopic analysis.
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4, The pump of claim 3, wherein the optical chamber is disposed

between the emission source and the detector.

5. The pump of claim 2, further comprising controls disposed on the
exterior of the pump housing for controlling at least one parameter related to

the spectroscopic analysis.

6. The pump of claim 5, further comprising a display disposed on the

exterior of the pump housing for displaying the at least one parameter.

7 The pump of claim 6, wherein one parameter is representative of the

1dentity of the at least one component of the fluid.

g. The pump of claim 7, wherein the emission source comprises at least

two light-emitting diodes.

9. The pump of claim 8, wherein a second parameter is representative of

a maximum dosage of the at least one component of the fluid.

10.  The pump of claim 9, further comprising a connection from the pump
to at least one of remote electronic hardware and remote software adapted to

spectroscopically anali/ze the at least one component of the fluid.
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11. A process for identifying the components of an intravenous fluid
delivered to a patient, comprising the steps of:

providing a fluid to be delivered intravenously;

connecting the fluid to an administration set;

connecting the administration set to the patient to provide the
fluid intravenously to the p\atient; and

spectroscopically analyzing the fluid as the fluid is delivered to

the patient to test for the presence of at least one component of the fluid.

12. The process of claim 11, wherein the step of spectroscopic analysis
includes providing an emission source and a detector adjacent to the
administration set to generate an electronic signal for use in the spectroscopic

analysis.

13.  The process of claim 12, further comprising the step of disposing the

administration set in operative connection with an infusion pump.

14, The process of claim 12 wherein the analysis uses a reflectance-based

method of signal analysis.

15.  The process of claim 12 wherein the spectroscopic analysis uses a

Raman method of signal analysis.
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16.  The process of claim 13, wherein in the step of spectroscopic analysis

is performed inside the pump.

17. The process of claim 12, wherein the emission source comprises at

least two light-emitting diodes.

18.  The process of claim 13, wherein the analysis of the electronic signal

is performed at a location remote from the infusion pump.

19.  The process of claim 13, wherein the step of spectroscopic analysis
includes providing an emission source and a detector adapted to analyze two

or more components of the fluid.

20.  The process of claim 19, wherein the emission source is a broadband

emitter.

21.  The process of claim 20, wherein the detector is a broadband detector.

22. A system for spectroscopically analyzing the components of an
intravenous fluid to be delivered to a patient, comprising;:
an intravenous administration set for delivering the fluid, the

administration set having an optical window;
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a spectroscopic analyzer operatively connected to the administration

set, the analyzer including an emission source for di,recting electromagnetic

radiation through the optical window at the ﬂuid and a detector for detecting

the electromagnetic radiation.

23.  The system of claim 22, wherein the administration set passes between

the emission source and the detector.

24, The system of claim 23, wherein the emission source comprises at

least two light-emitting diodes.

25.  The system of claim 23 further comprising at least one of electronic

hardware and software associated with the spectroscopic analyzer.

26.  The system of claim 25, wherein the at least one of electronic

hardware and software is remote from the spectroscopic analyzer.

27.  In an intravenous administration set having tubing to supply
intravenous fluid to a patient, the improvement comprising:
an optical window adapted to permit the transmittance and detection

of electromagnetic radiation for use in a spectroscopic analysis of the fluid.
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28.  The improved intravenous administration set of claim 27, further

comprising an optical chamber containing the optical window.
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