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RELAY LENS SYSTEM FOR BROADBAND IMAGING

TECHNICAL FIELD
The present disclosure relates generally 10 the field of optical lens systems. More
specifically, the disclosure relates to rod-type relay lens systems for use in

broadband imaging.

BACKGROUND
Medical endoscopes are used fo view intemnal body crgans and tissue through small

openings created in and through the body wall or skin or by way of existing openings

or orifices. For example, fluorescence endoscopy i1s an endoscopic examination
method 1n which fluorescent dve i1s administered to patients and excited with light
having a specific excitation wavelength. The excited fluorescent dye emuts light of a

specific emission wavelength, which is longer than the excitation wavelength, so that
visualization of fissue and/or vessels containing the dye can be enhanced relative to

conventional white-light endoscopy.

SUMMARY
One or more embodiments are directed to an optical system, including a first relay
rod of a first material, a second relay rod of a second matenal, different from the first

material, and a lens between the first and second relay rods.

CA 2941273 2018-01-11
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The first and second materials mav be selected to reduce the wavefront error across
the field of view of the optical system as compared with using a same material for
both the first and second relay rods. The first and second relay rods may have no
optical power. The first and second relay rods may have no optically powered

5 surfaces.

The first and second relay rods may be geometrically symmetric to one another
relative to a pupil or conjugate pupil of the optical system. The lens may include a
first relav objective and a second relay objective. The first and second relay
10 objectives may have a same design and material. A pupil region of the system may

be 1n air.

The optical system may include a third relay rod of a third material. a fourth relay
rod ol a fourth matenal, the [ourth malerial being dillerent [rom the third matenal;
15 and a lens between the third and fourth relay rods. The first and third materials are

the same and the second and fourth matenials may be the same.

The optical system may include a detector to detect light from 460 nm to 850 nm.

20  The optical system may be 1in an endoscope.

One or more embodiments are directed to a kit including a first relay rod of a first

material, a second relay rod of a second material, different from the first matenal,

and a lens to be 1nserted between the first and second relay rods.

The lens may include a first relav objective and a second relay objective. The first

and second relay objectives have a same design and matenal.
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One or morc embodiments are dirccted to a method of compensating for dispersion in a

relay lens system, the method including providing a first relay rod of a first matenal,
providing a second rclay rod of a sccond material, different from the first material, and

providing a lens between the first and second relay rods.

One or more embodiments are directed to use of an imaging agent and the optical system
according to the various embodiments in medical imaging of a tissue of a subject. One or
more embodiments are directed to use of the endoscope according to the various
embodiments in medical imaging of a tissue of a subject. One or more embodiments are
directed to use of method of compensating for dispersion in a relay lens system according

to the vartous embodiments in medical imaging of a tissue of a subject.

In one or more embodiments, the imaging agent may be or compriscs a fluorescence
imaging agent such as, for example, indocyanine green (ICG). ICG in combination with the
optical systcm, cndoscope and methods according to the various embodiments may be used
1n a diagnosis of tissue of a subject. The diagnosis may be based on medical imaging

including fluorescence 1maging,

One or more embodiments are directed to a kit comprising an imaging agent, a first relay rod
of a first material, a second relay rod of a second material, different from the first material;
and a lens to be inserted between the first and second relay rods. The imaging agent in the

kit may be or comprises a fluorescence imaging agent such as, for example, ICG.

In one or more embodiments, the medical imaging of the tissue of the subject may
comprise assessment of the tissue, diagnosis of the tissue, or a combination thereof. The
tissue may form a body structure or a portion thereof. The medical imaging may be

pertformed in the visible region, near infrared region, or a combination thereof.

CA 2941273 2018-01-11
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BRIEF DESCRIPTION OF THE DRAWINGS
Features will become apparent 1o those of skill in the arl by describing m detail

exemplary embodiments with reference 1o the attached drawings in which:

FIGS. 1A and 1B illustrate a relay pair according to an embodiment;

FIG. 1C illustrates a plurality of relay pairs according to an embodiment;

FIG. 2 illustrates how index and Abbe values interplay through a relay set;

FIG. 3 is a graph of refractive index versus wavelength for exemplary glass types;
FIG. 4 is a graph illustrating partial dispersion versus inverse dispersion for various
glass types.

FIG. 5 is a graph illustrating refractive index versus Abbe number for exemplary
glasses; and -

FIGS. 6A to 6C illustrate plots of MTF versus spatial frequency for comparative

examples and an example according to an embodiment.

DETAILED DESCRIPTION
Examplie embodiments will now be described more fully hereinafter with reference

to the accompanying drawings, however, they may be embodied in different forms

and should not be construed as limited to the embodiments set forth herein. Rather,

these embodiments are provided so that this disclosure will be thorough and

complete, and will fully convey exemplary implementations to those skilled in the

CA 2941273 2018-01-11
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art. Generally, corresponding or similar reference numbers will be used, when

possible, throughout the drawings to refer to the same or corresponding parts.

Optical design requirements for endoscopes have changed with the introduction of
new technologies, such as image sensors and solid state illumination. An endoscope
designed for visual use only may be optimuzed for F.d,C light, which spans the
region of 486 nm through to 656 nm. An endoscope designed for machine vision,
where a camera will display an 1mage on a monitor, may operate with 1llumination
wavelengths extending further into the blue, for example to 460 nm. Additionally,
there 1s demand to visualize tissue and body structures in other waveband regimes
beyond that of visible bands, e.g., near infrared regions (700 nm to 900 nm) where
tissue 1s maximally transparent to light and where dyes such as Indocyanine Green
(ICG) fluoresce and are used as markers. Additionally, the resolution required of
endoscopes has increased with the mtroduction ol high deliniion (HD) video image
sensors having smaller and more numerous pixels than ecarlier NTSC or PAL
formats. In both diagnostic and therapeutic procedures where endoscopes are used,
1t 1s advantageous to provide guiding imagery and fluorescent markers. Accordingly,
high resolution 1maging 1s desired in the visible bands as well as in longer

wavelength regions beyond that of human vision.

Imaging optical systems, including endoscopes, must be designed with the
operational wavelengths 1n mind. The refractive properties of materials are such that
light of different wavelengths will propagate along slightly ditferent paths through
an optical system, and arrive at shightly different image planes. In order to ensure
that the 1mage planes for different wavelengths are sufficiently close so as not to
degrade 1mage quality, the design of the system must take into consideration these

refractive properties.
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A system designed for use across a broadband of wavelengths, e.g., between 460 nm
to 850 nm, may have one or more image sensors. If the system has two sensors, e.g.,
one for the visible region and one for the near infrared region, then the design of the
5 system may consider separately the problems of image quality for the visible and
1mage quality for the near infrared region, since each region will have 1ts own
corresponding sensor. If however, the svstem operates with a single 1mage sensor,
then the system must focus all light throughout 1ts operational waveband onto one
image plane. This latter condition 1s more difficult, but also offers more utility to the

10 remainder of the design, as a single sensor maybe used.

A svstem designed for broadband use, for example visible and near infrared, and
designed for single sensor operation, requires tight control over chromatic
aberrations, such as axial color. Light ol dillerent wavelengths [ocus at dillerent
15  distances from the optics. Axial color arises from dispersion, 1.¢., the variation of
refractive index versus wavelength 1n refractive materials. Sensitivity to dispersion

increases as the t/# 1s faster.

Therefore, one or more embodiments are directed to providing a relay lens system
20  that offsets the effect of dispersion as light propagates through the system, as

discussed 1n detail below.

According to an embodiment, there 1s provided an optical system comprising a first
relay rod of a first material, a second relav rod of a second material, different from
25 the first material, and a lens between the first and second relay rods. In an
embodiment, the first and second materials are selected to reduce the wavefront error

across the field of view of the optical system as compared with using a same material
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for both the first and second relav rods. In other embodiments, the first and second
relay rods have no optical power, or have no optically powered surfaces. In an
embodiment, the first and second relay rods are geometrically symmetric to one

another relative to a pupil or conjugate pupil of the optical system.

In yet another embodiment, the optical system may further comprise a third relay rod
of a third material, a fourth relay rod of a fourth material, the fourth material being
different from the third matenal, and a lens between the third and fourth relay rods.
In an embodiment, the first and third materials are the same and the second and

fourth matenials are the same.

FIGS. 1A and 1B illustrate an exemplary relay pair 100 for a broadband system
using a single detector. FIG. 1A 1llustrates the on-axis beam and FIG. 1B 1llustrates
the olf-axas beam. FIG. 1C 1llustrates an odd number ol relay pairs (o produce an
upright image at a detector 200. In particular, the image after an objective lens 10 1n
inverted, so any odd number of relay pairs, e.g., 1, 3, 5, 7, and so forth, will produce

an upright image.

The relay pair includes a first relay rod lens assembly 110 and a second relay rod
lens assemblv 120. Each of the first and second relay rod lens assemblies 110, 120
includes a rod 116, 126, respectively, and a plurality of bonded lenses selected to
provide color correction from a lower limit, e.g., 460 nm, to an upper limit, e.g., 850
nm. In particular, the bonded lenses may include a relay field lens 102 and a relay

objective 104, here both shown as doublets.

The rods 116, 126 are made of different materials that compensate for residual

wavefront error 1 the relay pair 100 as 1llustrated in FIG. 2. The diffraction-limited
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relay pair in FIG. 2 illustrates refractive index symmetry about the pupil region P,

and Abbe number asymmetry about the pupil region P.

The relay pair 100 operates with unit magnification. The bonded lenses of the relay
rod lens assemblies 110 and 120 are symmetric or mirrored about a pupil (or aperture
stop) 130 between the first and second relay rod assemblies 110, 120. In other
words, the relay field lenses 102 and the relay objectives 104 are the same, 1.e., the

same material, the same prescription, and so forth, throughout the relay pair 100.

Although a design 1s optimized based on wavefront error and MTF performance, and
although this process will offset some aberrations through constructive introduction
of other aberrations, 1t may be helpful to explore the problem 1n traditional terms,
such as may be found by considering the system in terms of Seidel errors. While
typical, svmmetrical design ol the relay pair will correct [or odd Seidel aberrations,
c.g.., coma, distortion, lateral chromatic aberration, and so forth, even Seidel
aberrations, e.g., spherical, astigmatism, field curvature, axial chromatic, and so
forth, are not corrected by such symmetry. Axial chromatic aberration 1s of
particular concermn as the wavelength bandwidth increases, while the 1mage plane
remains constrained to a single detector. Additional lenses or different lenses on
different sides of the relay pupil may be used to correct for the dispersion, but this

increases cost and complexity.

However, by using different materials for the relay rod in the first and second relay
rod lens assemblies 110, 120 in accordance with an embodiment, the basic form of
the relay pair 100 may be maintained. In other words, since the material of the relay
rods introduce dispersion themselves, by selecting appropriate materials for the relay

rods 116, 126 1n the first and second relay rod lens assemblies 110, 120, the
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dispersion over the relay pair 100 may be compensated, while otherwise using the
same elements throughout the relav pair 100. The relay rod carries no optical power,
but instead 1s used to make the space between powered elements appear to have a

shorter optical path distance, without using total internal reflection.

Thus, by treating the material of the relay rod as another degree of freedom,
dispersion 1n the relay pair 100 may be altered, 1.e., corrected, without modifying the
basic form. The relay rod lens assemblies 110 and 120 will have nearly 1dentical
focal lengths 1n order to meet the required unit magnification. The first rod 116 and
the second rod 126 are symmetrical to one another relative to the pupil. However, as
noted above, the first rod 116 1s made of a first glass type and the second rod 126 1s
made of a second glass type. The second glass type 1s different from the first glass
type. In design, the first glass type and the second glass type are selected to reduce
restdual wavelront error within the optical system. Otherwise, the pair ol relay and
rod lens assembly 1s 1dentically configured, e.g., identical lengths, identical lens

elements, 1dentical geometric form, and so forth, while using different rod matenals.

Referring to FIG. 3, it can be seen that for any wavelength, different materials have
different local tangents (denvatives). Thus, glass materials not only exhibit different
agoregate dispersion (different inverse Abbe numbers) but also exhibit different
parfial dispersion, which 1s a measure of dispersion over a subset of the bandwidth.
FIG. 4 illustrates how partial dispersion (P, ) varies with inverse dispersion (Abbe

number or V) for SCHOTT®’s optical glass assortment.

Relay rod glass matenal 1s selected first for i1ts transmission properties; a designer
may build a design-specific list of materials ranked according to transmission, then

draw upon the top candidates for their remainder attributes (such as index,
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dispersion, thermal coeflicient, etc). In general, optical glasses that are reasonably

well suited for use 1n relay rods tend to occur at abbe numbers between 35 and 63,

and 1ndices of refraction between 1.5 and 1.65 (refer to the plot of refractive index
versus Abbe number of FIG. §, 1n which some suitable glasses made by SCHOTT®

5  with Abbe numbers between 50 and 65 include, e.g., N-PSK3, N-BALF5, N-SK2,
N-BAK2, N-K5 and N-KF9). Glasses that will form the outer elements may be then
selected based on other design requirements, such as their thermal coefficients
relative to their neighbor glass on the other side of a lens bond. Optimization for
minimum wavelront error across all field positions will drive the form to be

10 symmetric about the pupil 1n regard to index of refraction, and asymmetric about the
pupil 1n regard to Abbe number (or 1nverse dispersion). An example of a diffraction-
limited solution 1s 1llustrated in FIG. 2. The outer elements, 1.e., the relay objectives

and field lenses will be the same on both sides of the relay pupil. The focal lengths

[or each relay rod lens assembly are nearly identical, bul the partial dispersions ol

15 the relay rod lens assemblies due to the different rod materials have compensatory

effects on residual wavefront error.

FIGS. 6A to 6C illustrate dispersion 1n a comparative example and an example
according to an embodiment. FIG. 6A shows a plot of the modulus of the optical
20  transfer function (OTF) (MTF) versus spatial frequency 1n cycles per mm for an
F/4.5 relay 1n which the same maternal, here N-PSK3, 1s used for both relay rods in a
relay system for a 30 ¢cm visible-near infrared endoscope having three relay pairs.
FIG. 6B shows a plot of MTF versus spatial frequency in which elements of the
same relay system as used for FIG. 6A are used, except the same material for the
25 relay rods 1s N-BALF5. FIG. 6C shows a plot of MTF versus spatial frequency 1n
which elements of the same relay system as used for FIG. 6A are used, except

different matenals are used for the relay rods on opposite sides of the relay pupil. For
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example, a first material, here N-PSK3, 1s used for the first relay rod, and a second
matenal, here N-BALF3S, 1s used for the second material. The comparing FIGS. 6A
to 6C, the MTF for the transverse off-axis ray 1s significantly improved by use two

different materials for the relay rods.

By way of summation and review, endoscopes typically include a long, thin, rigid or
semi-rigid optical cylinder that 1s mounted on or to a viewing mechanism or imager.
When the endoscope 1s inserted and positioned for use, an 1image of the object being
viewed 1s formed by an objective lens at the inserted or distal end of the endoscope.
The 1mage passes through a relay lens system, comprising of one or more sets of
relay lenses, along the cvlinder to a viewer comprising an eyepiece or viewing lens

or a video camera or 1mager at the viewing or proximal end of the endoscope.

A relay lens sysiem will reconstruct the image [ormed al the objeciive lens one or
more times, depending on the number of relays used. A single relay will form one
image. Additional relays may be used to form additional images. The purpose of
these elements 1s not to produce many 1mages, but rather to carry the image field to
another position. Endoscopes are narrow 1n order to reduce the size of an incision.
Endoscopes are long because the object under study may be deep within the body.
The 1image formed by the objective lens at the distal end 1s relayed along the length

of the endoscope to the proximal end by the relay lens system.

When used 1in endoscopes, the relay lenses may be very narrow, e.g.. less than 6.5
mm 1n diameter and approximately 20 mm to 50 mm long. Most endoscopes require
three or more sets of relay lenses for proper operation. The number of lenses
oenerally depends on the length and specific requirements of the particular

endoscope and/or the application for which 1t 1s intended. Because the objective and
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each relay set 1s producing an image with unit magnification which 1s turned upside
down, and because a standard endoscope should produce an upright image, usually
an odd number of relay lenses are used so that the image produced by the optical

system at the ocular or at the detector, 1s upright.

For good 1mage quality, the optical system of an endoscope should be well corrected
for the major lens aberrations. A relay lens typically operates with unit magnification
with lenses configured to be symmetric about the relay's internal stop plane, 1.e., the
pupil within the relay. This set of conditions will result in the odd Seidel aberrations
formed by the lenses before the relay's pupil to be cancelled out by the lenses after
the relay's pupil. However, the even Seidel aberrations are not corrected. As noted
above, these even Seidel aberrations may become more problematic as an

operational waveband over which the optical system 1s to perform increases.

According to an embodiment discussed above, using different materials for relay
rods on opposite sides of the relay pupil may allow dispersion to be compensated
without changing the basic form of the relay. In other words, by using different rod
materials on opposite sides of the relay pupil, other elements, e.g., objectives and
field lenses, on opposite sides of the relay pupil may be i1dentical, such that the pair
of relay rod lens assemblies are otherwise identically configured, e.g., i1dentical
lengths, 1dentical lens elements, 1dentical geometric form, and so forth, while using

different rod matenals.

According to another embodiment, there 1s further provided a method of
compensating for dispersion 1n a relayv lens system. The method comprises providing

a first relay rod of a first material, providing a second relay rod of a second matenal,
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different from the first material, and providing a lens between the first and second

relay rods.

According to yet further embodiment, there 1s provided a kit comprising a first relay
5 rod of a first matenial, a second relay rod of a second material, different from the first
material, and a lens to be mnserted between the first and second relay rods. In an
embodiment the lens includes a first relay objective and a second relay objective. In
an embodiment, the first and second relay objectives have a same design and
material.
10
Example embodiments have been disclosed herein, and although specific terms are
employed, they are used and are to be interpreted in a generic and descriptive sense
only and not for purpose of limitation. In some instances, as would be apparent to
one ol ordmary skill in the art as ol the [iling ol the present application, [ealures,
15  characteristics, and/or elements described 1n connection with a particular
embodiment may be used singly or in combination with features, characteristics,
and/or elements described 1in connection with other embodiments unless otherwise
specifically indicated. Accordingly, 1t will be understood by those of skill in the art
that various changes 1 form and details may be made without departing from the
20  spirit and scope of the present invention as set forth in the following claims. For
example., while specific examples have been directed to endoscopes, embodiments
may be used with other imaging system with similar waveband and single detector

requirements, €.g., borescopes.
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1. An optical system, comprising:
a first relay rod of a first material;
a second relay rod of a second material, different from the first
material; and
a lens between the first and second relay rods;
wherein the first and second relay rods are geometrically symmetric to one

another relative to a pupil or conjugate pupil of the optical system.

2. The optical system as claimed in claim 1, further comprising a field of view,
wherein the optical system produces a wavefront error across the field of view and

whereln the first and second materials are selected to reduce the wavefront error within
the field of view as compared with using a same material for both the first and second

relay rods.

3. The optical system as claimed in claim 1 or 2, wherein the first and second relay

rods have no optical power.

4, The optical system as claimed in any one of claims 1 to 3, wherein the first and

second relay rods have no optically powered surfaces.

5. The optical system as claimed in any one of claims 1 to 4, wherein the

lens includes a first relay objective and a second relay objective.

6. The optical system as claimed in claim 5, wherein the first and second

relay objectives have a same design and material.

7. The optical system as claimed in any one of claims 1 to 6, wherein a

CA 2941273 2018-12-21
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pupil region of the system 1is 1n air.

8. The optical system as claimed in any one of claims 1 to 7, further
comprising:
a third relay rod of a third material;
a fourth relay rod of a fourth material, the fourth material being
different from the third material; and

a lens between the third and fourth relay rods.

9. The optical system as claimed in claim 8, wherein the first and third

materials are the same and the second and fourth materials are the same.

10.  The optical system as claimed in any one of claims 1 to 9, further

comprising a detector to detect light from 460 nm to 850 nm.

11.  An endoscope including the optical system as claimed in any one of

claims 1 to 10.

12.  AKkit, comprising:
a first relay rod of a first material;

a second relay rod of a second material, different from the first

material; and

a lens to be inserted between the first and second relay rods;
wherein the first and second relay rods are geometrically symmetric to one

another relative to a pupil or conjugate pupil of the optical system.

13.  The kit as claimed 1n claim 12, wherein the lens includes a first relay

objective and a second relay objective.

14.  The kit as claimed 1n claim 13, wherein the first and second relay

objectives have a same design and material.

CA 2941273 2018-12-21
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15. A method of compensating for dispersion in a relay lens system, the
method comprising:
providing a first relay rod of a first material;
5 providing a second relay rod of a second material, different from the

first material; and

providing a lens between the first and second relay rods;
wherein the first and second relay rods are geometrically symmetric to one

another relative to a pupil or conjugate pupil of the optical system.
10

16. Use of an imaging agent and the optical system of any one of claims 1 to 10 in

medical imaging of tissue of a subject.

17. Use of an imaging agent and the endoscope of claim 11 in medical imaging of tissue

15  ofasubject.

18. Use of an imaging agent and the method of claim 15 in medical imaging of tissue of

a subject.

20 19. Use of the optical system of any one of claims 1 to 10 in medical imaging of tissue

of a subject.
20. Use of the endoscope of claim 11 in medical imaging of tissue of a subject.

25 21. Use of the method of claim 15 1n medical imaging of tissue of a subject.

22. The use of any one of claims 19 to 21 wherein the medical imaging comprises use

of an imaging agent.

30 23. The use of any one of claims 16 to 18 or claim 22 wherein the imaging agent is or

comprises a fluorescence imaging agent.

CA 2941273 2018-12-21
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24. The use of claim 23 wherein the fluorescence imaging agent 1S Or COMPrises

indocyanine green (1CG).
25. The kit of claim 12 further comprising an imaging agent.

26. The kit of claim 25 wherein the imaging agent is or compriscs a fluorescence imaging

agent.
27. The kit of claim 26 wherein the fluorescence imaging agent is or comprises 1CG.

28. Use of the kit of any one of claims 12 to 14, or claims 25 to 27 for medical imaging of

tissue of a subject.

29. The use of any one of claims 16 to 24 or claim 28 wherein the medical imaging of
tissue of the subject comprises assessment of the tissue, diagnosis of the tissue, or a

combination thereof.

30. The use of any one of claims 16 to 24, 28, or 29 wherein the tissue forms a body

structure or a portion thereof.

31. The use of any one of claims 16 to 24, or claims 28 to 30 wherein the medical

imaging is performed in the visible region, near infrared region, or a combination thereof.
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