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Abstract

Image Analysis for Determining Consolidant Location in Deteriorated Wood

By

Peter Yale Eastman

Master of Science in Wood Science and Technology

University of California, Berkeley

Professor Arno P. Schniewind, Chair

Ultraviolet light microscopy, digital imaging and image analysis software were used to determine the distribution of vacuum-impregnated soluble resins used as consolidants in deteriorated Douglas-fir samples.  The small wood samples and their consolidation treatments mimicked deteriorated archaeological wood and the materials and methods that artifacts conservators commonly use when treating such wood to improve its mechanical strength.  The results of this study are compared to previous work that used the scanning electron microscope (SEM) to study the distribution of the same resins.  A sliding microtome was used to prepare 3 mm by 3 mm by 50m thick sections of wood. The sections were mounted on microscope slides with gelatin stained with Toluidine Blue O.  Ultraviolet light illumination was used to enhance color contrast.  The color contrast between the various phases allowed accurate image analysis.  Light microscopy allowed imaging of larger areas than was possible with electron microscopy.  The distribution results generally agreed with the results of the SEM technique and support the conclusion that the higher resin loading near the longitudinal ends of samples is caused by a phenomenon termed “reverse migration”
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Introduction

Soluble resins are often used as consolidants in the conservation of deteriorated artistic or historic wooden artifacts.  The primary function of the consolidant is to improve the mechanical properties of the surface and/or the bulk of a deteriorated object.  A related, but usually secondary, function is to improve the dimensional stability of the object when exposed to changing relative humidity conditions.  Typically, the deteriorated object is vacuum impregnated with a resin/solvent solution and allowed to dry.  The distribution of the consolidant in a treated object after removal of the solvent has been assumed to be a key factor in the mechanical performance of the treated wood. Despite this assumption, the final location and mechanism of distribution of the consolidant in treated objects has not been well studied.

Related work on the penetration of film coatings into wood has naturally focused on the surface and not the interior of the wood.  These studies have used methods such as scanning electron microscopy combined with energy dispersive spectroscopy (SEM-EDS), fluorescence microscopy, and microautoradiography (Nussbaumhyperlink  \l "Nussbaum" 


hyperlink  \l "Nussbaum" 

Nussbaum
 1998
).  The distribution of monomers polymerized in situ to consolidate wood has been studied but not the distribution of polymers deposited from solution. Carlson noted this lack a decade ago and it has not changed since (Carlson 1987).

Pressure treatment of water or oil-borne preservatives is in widespread industrial use and the distribution of the preservative after treatment has been studied extensively (Richardson 1993).  These methods do not use the sorts of solvents or resins used in conservation, however, and the treatment methods and conditions are substantially different from the vacuum impregnation used in conservation.  The distribution of biocides impregnated with experimental techniques such as supercritical carbon dioxide has been studied, but these efforts have focused on composite substrates and the impregnated materials are non-polymeric (Acda, 1997b).

This study is one of a series of experiments performed at the University of California Forest Products Laboratory that studied various aspects of the interaction between wood and consolidants commonly used in artifacts conservation.  The earlier studies (Schniewind and Kronkright, 1984; Wang and Schniewind, 1985; Schniewind, 1988; Schniewind, 1989; Carlson and Schniewind, 1990; Sakuno and Schniewind, 1990) focused on the mechanical and adhesive properties of the wood/resin composites.  More recent work (Schniewind and Eastman, 1994) used the scanning electron microscope (SEM) to look at the distribution of the resins in small specimens of wood after vacuum impregnation.

The distribution of the resins after removal of the solvent was found to be non-uniform.  Resin concentration was greater near the longitudinal ends and, to a lesser extent, near the radial and tangential surfaces (as opposed to the center of the sample).  This concentration gradient was hypothesized to have arisen from “reverse migration” of the resin during solvent removal.  The phenomenon of reverse migration has been discussed in the conservation literature as being a factor in the ultimate location of resins in stone consolidation (Domaslowski, 1988; Hansen, et al., 1990).
A similar effect was noted by Jeihooni who found that Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) flakes in flakeboard treated with CCA-C and borate had higher retention levels in the ends of the flakes than in their centers (Jeihooni, et al., 1994).  Acda et al., (1997a) in a study of supercritical CO2 impregnation of a biocide, mention a similar phenomenon.  That study found tebucanazole crystals at the ends of the treated panels, suggesting “that variations in biocide solubility caused uneven deposition near the vessel outlet during the rapid expansion stage (venting) at the conclusion of the impregnation process (Acda et al., 1997a).   In industrial-scale impregnation of preservatives such as pentachlorophenol, a higher concentration of the preservative is observed at the surface and a decreasing concentration moving radially towards the center (Leblanc et al., 1999).

Schniewind and Eastman also found that the resin was present as solid “plugs” completely filling the cell lumens or thick “sleeves” occupying the major part of the cell lumen  (Schniewind and Eastman, 1994).  In the SEM, contrary to expectations, there was no evidence of a thin, even, and continuous coating on the interior of the cell lumens although it should be noted that a sub-micrometer thick layer of polymer could be difficult to distinguish from the wood substance in the SEM.  A thin coating could possibly be evident as either a discrete layer in cross-section or as a “softening” of features such as helical thickenings.  Neither was observed.  In any event, considering the amount of polymer identified in the plugs and sleeves and calculating the mass balance, there would be very little polymer available for a thin coating.

Furthermore, high polymer concentration in one cell did not appear to greatly affect the likelihood of a plug or sleeve occurring in adjacent cells.  It was common to find isolated plugs in the interior of the wood sample surrounded by completely empty neighboring cells.

In the present study, a different set of analytical techniques was used to surmount some of the difficulties encountered during the earlier study and to investigate some questions posed by it. 

One difficulty encountered in the SEM study was the inability to get cross-sectional views of the wood closer than 3.5 mm from the free end.  The specimens were desiccated to reduce the plasticizing effect of bound water, scored with a razor blade to encourage a brash break and placed in a clamping device that held the sample on either side of the scoring.  The need to clamp on both sides of the scoring limited the spacing of the sections to a minimum of approximately 3.5 mm.

Other difficulties were the inaccuracy inherent in the tabulation of the amount of resin by manually counting the number of cells with resin in them and the practical difficulty of counting large numbers of cells.

Latewood proved difficult to study in the SEM.  The latewood was too degraded for detailed examination.  It was hoped that different sample preparation and imaging techniques would enable investigation of the latewood portion of the samples. 

For the present study, the imaging was done by light microscope, with the expectation that color differences between resin and wood could be used to distinguish between the various phases.  Color differences allow the human eye to make extremely fine distinctions.  As Russ noted, while “the human eye is only capable of distinguishing a small number of gray levels, perhaps 20-30 under good conditions...it can easily distinguish hundreds or thousand of colors” (Russ, 1992).

It was hoped that image analysis software could likewise use color differences to quantify the amount of resin.  The expectation was that digitizing images and image analysis software would increase the speed and accuracy of the process relative to the manual system used in the SEM study.

A different sample preparation technique was used as well.  The samples for this study were prepared by microtoming instead of breaking.  This allowed examination of sections as close as 0.5 mm from the free end.

There was also the possibility that any small amounts of resin lining the cell walls but not in the form of plugs or sleeves might be detected with the optical microscopy technique. 

To judge the value of the technique employed, the results of the study were compared to those of the SEM study.  Specifically, the longitudinal distribution of consolidant was the measure used for the comparison.  This study did not consider the lateral distribution of consolidant (toward the radial and tangential surfaces) which was felt to be well enough understood.

Materials and Methods

Specimen selection

Small specimens (3x3x50 mm) of Douglas-fir from the earlier mechanical strength and SEM experiments were used for the present study (Wang and Schniewind, 1985; Schniewind and Eastman, 1994).  The wood was taken from the outer 25 mm of piles that had been significantly degraded by bacteria during service in the ground for approximately 70 years.

The original experimental design called for four replications of each of the four treatments with sections from roughly half the length of the 50 mm specimens.  Two samples from each set of four were from the opposite half of specimens examined in the SEM study to maximize the correlation of results between the two studies.  The treatments were Paraloid B72 (formerly Acryloid B72) in acetone and in toluene and Butvar B98 in a 40/60 mixture of ethanol and toluene and in ethanol.  The two resins are thermoplastics: Paraloid B72 resin is a ca. 70/30 ethyl methacrylate/methyl acrylate copolymer and Butvar B98 is a poly(vinyl butyral).  All the treatments were prepared as 20% by weight solutions.

Microtomy

A variety of methods for preparing thin sections for light microscopy were tested.  The method producing the best results was to use a sliding microtome.  As in the previous SEM study, (Schniewind and Eastman, 1994), the consolidant proved difficult to locate in radial or tangential sections, so cross-sections were taken.  Sections as thin as possible were desired in order to obtain crisp images with the shallow depth of field obtainable by the light microscope.  It was found that the deteriorated wood could not be reliably sectioned thinner than 30-40 (m.  A standard thickness of 50 m was settled on in order to get a reasonable yield of good sections.  The samples were oriented so that the blade contacted a radial face first.  The sections were slightly distorted geometrically during the microtoming.  The samples were soaked in water briefly just prior to microtoming and kept moist during the sectioning.  The consecutive sections were placed on standard microscope slides, ten per slide (representing a convenient specimen length of 0.5 mm on each slide).  Slides were marked with the distance from the free end; hereafter called “depth”.  Damaged or unusable sections were omitted from the sequence, leaving an empty position on the slides.  As specimen thickness was somewhat variable, approximately every 20 sections (1 mm), the depth was checked against marks previously ruled on the specimens.  An occasional variance between the ruled lines and the depth obtained by counting the 50 m sections was corrected by taking additional sections or skipping sections as necessary.  This allowed the depth of a specimen segment to be determined simply by counting sections to an accuracy that is estimated to be within 3 or 4 specimen thicknesses or 150-200 m.  For analysis, a reasonably intact section from the lowest depth from each sample (typically less than 1 mm from the end of the sample) was chosen as well as sections as close as possible to multiples of 3.5 mm, as used in the SEM study.

Staining and Light Microscopy

An Olympus BH-2 compound light microscope was used to examine the sections.  The microscope’s standard white light illumination produced very little inherent color contrast between the cell wall and the resin.  To improve the color contrast, a variety of common biological stains were tested and Toluidine Blue O was found to give the best results.  Toluidine Blue enhanced the contrast between the cell walls and the resin, but did not provide any significant contrast between the mounting medium and the resin.  Although the eye could readily discern the differences, the image analysis software could not distinguish between empty cells and those filled with resin.

To create contrast between these two elements, a revised technique was developed.  A gelatin/glycerin/water solution was tinted with Toluidine Blue before mounting the sections on microscope slides.  The empty cell voids filled up with the tinted gelatin, the cell walls stained dark, as before, while the resin remained clear.  Thus, all three components in the system had color or intensity values separate enough for computerized image analysis.  The mounting medium was prepared following Johansen (1 part Knox’s gelatin, 6 parts water, and 7 parts glycerin) (Johansen, 1940).

The warmed, stained gelatin was spread around the sections with a pipette, allowing the gelatin solution to contact each section at nearly the same time so as to avoid excessive dislocation of the sections while the gelatin wicked in.  The slides were dried on a hot table to remove excess water and, while still fluid and before the gelatin set, a cover slip was placed over the sections, carefully avoiding bubble formation.

In addition to the color contrast gained by the staining technique, it was found that further color contrast could be obtained by using ultraviolet light illumination.  It was discovered that the toluidine blue suppressed the natural autofluorescence of the wood substance, keeping it dark.  The tinted gelatin in the empty lumens did not fluoresce at all while the resins fluoresced slightly, providing enhanced color contrast.

Digital Imaging

Digital images were acquired in two campaigns.  The first attempt using a video camera and a framegrabber ultimately proved unsuccessful because of insufficient image quality and was abandoned.  The basics of the video camera method are briefly described below.  The second attempt using 35 mm film images digitized by a drum scanner and stored on CD-ROM was far more successful.  The details of that method and the data derived follow.

Framegrabber and video camera method

Digital images of the sections were acquired with a 486 computer, a Targa+ framegrabber (Truevision, Inc.,) and a video camera (Cohu, Inc.).  The images were 740 x 480 pixels in size and were 24-bit color, 8 bits each for Red, Green, and Blue (RGB).  An example of an image taken with the video camera and framegrabber is shown in Figure 1 (left).  Reference images of a stage micrometer were taken for calibrating distances and areas.  Nine images of each section were taken in a 3 x 3 grid.  Because of an intermittent cabling malfunction in the system, many of the images obtained had very low blue-channel signals and were thus shifted toward red (see example in Figure 1 (right).  In an effort to obtain sufficient color contrast for image analysis, a digital image-editing application, Photomagic (Micrografx, Inc.), was employed to pre-process the lower-quality images.

After pre-processing, the nine images from each section were assembled into composite images.  The number of pixels representing interior gelatin, (stained gelatin in empty cells), as well as the border gelatin (the gelatin visible in the image outside the wood), cell wall amounts and any "leftover" pixels were calculated by a script in the image analysis software.  The accuracy of the technique was judged by looking at the amount of "leftover pixels", that is, pixels which could not be definitively ascribed to a particular phase.  For the best images, the leftover pixels were less than 10% of the total wood, empty lumen, and consolidant pixels.  For poor quality images, the amount of leftover pixels was greater than 30% of the total pixels. Comparison with 35mm photographs taken as a control showed that the data derived with this method were too

 inexact to produce a statistically significant result. 
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	Figure 1. Framegrabbed images with acceptable (left) and insufficient color contrast (right) for image analysis


Photographic film images scanned to CD-ROM

The video camera method was abandoned and a more reliable method to digitize images was sought.  The method chosen was to take images with conventional 35mm film, scan the film with a commercial drum scanner and save the image files to CD-ROM.  Although this method was not a “direct to digital” method it proved to be quick, offered excellent color rendition and more than adequate resolution.

The original experimental design was reduced to a more manageable size commensurate with the resources then available.  Three replications of one of the treatments, B72-toluene, were made.  These replications were used to gauge the effect of variability between wood samples and provide a measure of the validity of using single or double replications for the other treatments.  Of the other treatments, there was one sample each from B72-acetone and B98-ethanol, and two from B98-ethanol/toluene.  Fewer sections from each sample were imaged as well.  The resin loading in the SEM study appeared to reach a relatively constant level by 10.5 mm, so sections from depths

 beyond 10.5 mm or 13.0 mm were not examined in this study.  The reduced design resulted in a total of 30 sections imaged.

Thirty-five-mm photographs using Kodak Gold 200 color negative film were taken using a Leitz Laborlux UV-equipped microscope in the Conservation Department at the Philadelphia Museum of Art.  The film was processed normally, scanned by a commercial photo lab and the digitized images were put on four CD-ROMs in the Eastman Kodak Photo CD format.  To ensure color consistency, the film was all bought at one time from one batch.  The resulting digital images were of much higher quality than the earlier images both in terms of color contrast and resolution.

UV microscopy

The various filter cubes available on the Leitz microscope were tested.  There were minor differences in the color contrast between the filters and the set with the highest color contrast for each treatment was selected.  For B72-acetone and B98-ethanol/toluene, UV illumination was used for the additional color contrast it provided.  The "D" cube UV filter set, consisting of a BP-355-425 nm bandpass excitation filter, a RKP-455 nm reflection short-pass mirror, and a LP-460 nm (longpass) suppression filter, was used.  For B72-toluene and B98-ethanol, normal light provided the best color contrast.

Processing

The Photo CD system produces five resolutions of each image, 128 pixels by 192 pixels (72 kilobyte or “k”), 256 x 384 (288k), 512 by 768 (1.13 megabytes or “MB”), 1024 x 1536, (4.50MB), and 2048 x 3072, (18.0MB).  The middle or “base” resolution, 512 x 768, was chosen as it was close to the resolution used earlier with the video camera and framegrabber.  This resolution contained 10% more information than the framegrabbed images and was still small enough to be manipulated by the computer with reasonable speed.  Results from tests with the 1024 x 1536 images did not produce significantly better results, but took much longer to process.  The images were converted from the Photo CD format (*.pcd) to Tagged Image File Format (*.tif) as 24-bit color images.

As before, nine images were generally taken of each section in a 3 x 3 grid.  For a few of the sections, eight images sufficed to cover all, or nearly all, of the sample.

A major problem to overcome was uneven illumination.  Although the uneven illumination produced by the microscope was not objectionable or even especially apparent by eye, the difference between the lighter central regions and the darker outer regions made it difficult to assemble evenly illuminated composites, which proved crucial for accurate image analysis.  Taking a reference image with no sample in the light path and essentially subtracting the “blank image” from the sample image can compensate for the unevenness.  In this study, such a “clearfield” or reference image was not taken through the microscope but was approximated.  The illumination in a number of sample images was analyzed and a correction image, having a dark center and gradually lightening radially, was created.  The pixel values in the correction image and the sample images were added.  In the central portion of the sample image, the addition of the low pixel values in each of the three color channels of the correction image left that area relatively unchanged.  The higher values in the periphery of the correction image lightened the darker areas in the periphery of the sample images. Figure 2 shows an example of the clearfielding process on a single CD-ROM image.  The operation was considered successful when the intensity and color values in similar features (resin, cell wall, and gelatin) throughout the images were similar.

Composite Images

After the uneven illumination was corrected on each image, composite images were made.  The nearly 270 images were assembled into composite images so that overlap areas would not be counted more than once during the analysis and an entire cross-sectional slice could be analyzed at one time.  The original images had some minor spherical distortion at the outer edges.  As the images had approximately 10% overlap on each edge, they were cropped to eliminate as much distortion as possible.  The images were aligned using Adobe Photoshop (Adobe Systems, Inc.).  The aligning technique involved converting the “upper” image to its inverse colors and reducing its transparency to 50%.  When the optimal alignment of the “upper” and “lower” image was achieved, the overlap area became 50% gray.  A movement of even one pixel away from optimal in any direction was readily detected as a “shadow” line around features in the overlap area.  This process created nearly seamless composite images.  The images were cropped as closely as possible to reduce the size of the files, resulting in six to eight megabyte files.  Low-resolution versions of the thirty composite images are shown in Appendix I. 

Segmentation

Each of the four pixel types: “exterior gelatin” (gelatin outside the section boundaries), resin, “interior gelatin” (gelatin filling cells with no resin), and cell wall were differentiated from each other in a process termed “segmentation” in image analysis.  This involves selecting upper and lower boundaries or “thresholds” for intensity and color for each phase.  The exterior gelatin was identified first so that an accurate measure of the total area of the consolidated wood section within the overall image could be made by subtracting the number of exterior gelatin pixels from the total number of image pixels.  The exterior gelatin was selected with Photoshop’s magic wand tool augmented by some manual selection and filled with 100% white (R 255, G 255, B 255).  Thus, the area of the consolidated wood was the total number of image pixels minus the 100% white pixels.

The cell walls, interior gelatin and the resin were selected and painted by an iterative process.  The cell walls were painted 100% black, the interior gelatin 25% gray and the resin 75% gray.  The bulk of each type of pixel was quickly and easily determined and selected with the magic wand tool.  More difficult was differentiating pixels in the boundary between the cell walls and the gelatin.  Pixels which could not be assigned to one of the four pixel types with certainty were left unpainted and were considered “leftover” pixels.  The percentage of leftover pixels was used as a gauge of the accuracy of the technique.  The amount of leftover pixels averaged 9.0%, with a minimum of 1.9%, a maximum of 27.4% and a standard deviation of 6.0%, much better than the 30% or more leftover pixels encountered with the poorer quality images generated by the framegrabber method.
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Figure 2. Example of clearfielding and segmentation of phases 

A)   A single image from a CD-ROM

B)   Clearfield image used to equalize illumination

C)   Image A after clearfield equalization

D)   Image A segmented into four phases, represented by four grayscale intensities




Image Analysis

Once the phases in the images had been painted with grayscale markers, they were analyzed with the image analysis software SigmaScanPro (then from Jandel Scientific, now SPSS, Inc.).  The images were converted from 24-bit color to 8-bit grayscale and a histogram taken.  A SigmaScanPro script (Appendix II) was written to process these histogram values to determine the actual and proportional amounts of the various pixel types.  The results were posted to a spreadsheet for graphing and statistical tests. 

Results and Discussion

The amount of resin found in each composite image is given in Table 1 below.  The table shows the treatment, replication number, depth of the section in millimeters and the area of the resin as a percentage of the total area of the section (and thus volume %).

Table 1. Image analysis results

	Treatment
	Repl.

No.
	Depth,

mm
	Resin %
	
	Treatment
	Repl.

No.
	Depth,

mm
	Resin %

	B72-ac
	1
	0.9
	45.6
	
	B98-etoh/tol
	1
	0.8
	61.2

	B72-ac
	1
	3.8
	30.2
	
	B98-etoh/tol
	1
	2.1
	41.2

	B72-ac
	1
	6.9
	24.4
	
	B98-etoh/tol
	1
	3.6
	34.2

	B72-ac
	1
	10.9
	23.2
	
	B98-etoh/tol
	1
	7.2
	27.0

	B72-tol
	1
	2.1
	22.1
	
	B98-etoh/tol
	1
	12.5
	36.4

	B72-tol
	1
	3.6
	19.9
	
	B98-etoh/tol
	2
	0.5
	50.7

	B72-tol
	1
	6.6
	13.9
	
	B98-etoh/tol
	2
	3.5
	38.7

	B72-tol
	1
	11.0
	16.5
	
	B98-etoh/tol
	2
	7.4
	24.8

	B72-tol
	2
	0.8
	24.5
	
	B98-etoh/tol
	2
	10.2
	23.5

	B72-tol
	2
	3.5
	20.9
	
	B98-etoh
	1
	0.5
	49.3

	B72-tol
	2
	7.2
	13.4
	
	B98-etoh
	1
	3.4
	34.4

	B72-tol
	2
	10.2
	13.4
	
	B98-etoh
	1
	7.1
	24.5

	B72-tol
	2
	13.3
	6.1
	
	B98-etoh
	1
	9.9
	13.1

	B72-tol
	3
	1.0
	23.4

	B72-tol
	3
	3.2
	24.6

	B72-tol
	3
	6.7
	9.4

	B72-tol
	3
	10.5
	9.2


Analysis of wood variability

Understanding the effect of wood variability was an important first step in the analysis of the data.  Variation in the three B72-toluene replications was analyzed to gauge the reliability of the smaller number or lack of replications used for the other treatments.  The statistics package JMP (SAS Institute, Inc.) was used for the analysis.  Both a linear and a second-degree polynomial model of the relationship between depth and resin% were fit to the data.  A linear fit to the data produced the model: Resin % = 24.8 – 1.3 x Depth with an Rsquare value of 0.76 and an F ratio of 34.2.  A second-degree polynomial fit to the data produced the model: Resin % = 26.6 – 2.2 Depth + 0.06 x Depth^2 with an Rsquare value of 0.78 and an F ratio of 17.3.  Details of the summary of fit of the models are given in Table 2 and the two models are graphed in Figure 3.

Table 2. Summary of fit for the three B72 replications

linear and second-degree polynomial models

	Linear model – Analysis of variance

Resin % = 24.8 – 1.3 Depth

Rsquare = 0.76
	Second degree polynomial model – Analysis of variance

Resin % = 26.6 – 2.2 Depth + 0.06 Depth^2

Rsquare = 0.78

	Source
	DF
	Sum of Sqrs
	Mean Sqr
	F Ratio
	Source
	DF
	Sum of Sqrs
	Mean Sqr
	F Ratio

	Model
	1
	360.7
	360.7
	34.2
	Model
	2
	369.9
	185.0
	17.3

	Error
	11
	116.0
	10.5
	Prob>F
	Error
	10
	106.9
	10.7
	Prob>F

	C Total
	12
	476.8
	
	0.0001
	C Total
	12
	476.8
	
	0.0006
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Figure 3. B72-toluene three replications: linear and curve fit of Resin% by Depth

As the linear and curve fit of the data for B72-toluene were in close agreement, the linear model was chosen for simplicity.  Next, the effect of replication was compared to that of depth.  The results, shown in Table 3, showed that depth was a far more significant factor than the variability of the samples.

Table 3. Effect test of depth and replication for B72-toluene

	Source
	Nparm
	DF
	Sum of Squares
	F Ratio
	Prob>F

	Depth
	1
	1
	356.4
	29.9
	0.0004

	Rep
	2
	2
	8.9
	0.37
	0.69


Analysis of all treatments

With the results that wood variability was a relatively minor factor for the B72-toluene samples and that the relationship between depth and resin% could be simply modeled as a linear one, the other treatments were analyzed with some confidence that the results would be statistically valid.

The entire data set (all replications of all treatments) was pooled and analyzed.  With the four treatments considered together, both depth and treatment proved to be highly significant (Table 4).  A linear model of the depth/resin% relationship from the entire data set (Resin % = 38.79 – 2.13 Depth) had an R squared of 0.80.  This model is plotted in Figure 4 below.

Table 4. Effect Test for all treatments

	Source
	Nparm
	DF
	Sum of Squares
	F Ratio
	Prob>F

	Depth
	1
	1
	1698.4
	41.2
	<.0001

	Resin/Solvent
	3
	3
	2078.2
	16.8
	<.0001
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Figure 4. Resin% data from all four resin/solvent treatments

Linear model: Resin % = 38.79 – 2.13 Depth.
Rsquare = 0.80

After analyzing the data as a whole, the treatments were considered individually. Resin% for each treatment as a function of depth is plotted in Figure 5 below.
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Figure 5. Resin% vs. depth by treatment

Depth was highly significant in determining the resin% for all four treatments, and a linear model as used for B72-toluene was applicable to the other three treatments as well.  Some differences between treatments were apparent.  The quartile plots in Figure 6 graphically illustrate that the degree of similarity is greatest among the three treatments other than B72-toluene.  The pair comparisons of the means in Table 5 show that B72-toluene was significantly different from all three other treatments and that, additionally, none of the other three treatments were significantly different from each other.

Table 5. Comparisons for each pair using Student's t test.

Positive values show pairs of means that are significantly different

	T = 2.05

	Abs(Dif)-LSD
	B98E/T
	B72Ac
	B98EtOH
	B72Tol

	B98E/T
	-9.9
	-6.0
	-5.5
	11.7

	B72Ac
	-6.0
	-14.9
	-14.4
	2.1

	B98EtOH
	-5.5
	-14.4
	-14.9
	1.6

	B72Tol
	11.7
	2.1
	1.6
	-8.3
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Figure 6. Resin% by resin/solvent: quartile plots of all treatments

Because the B72-toluene data were distinct, the other data sets were pooled to test the depth relationship without the influence of the B72-toluene data.  Figure 7 plots the data along with a linear fit.

Table 6 shows that the depth/resin% relationship is still strong with an R square of 0.6 and an F ratio of 22.9.  Thus, although the B-72-toluene data are significantly different from the other three treatments, all the treatments are similar to the extent that a common linear model is still a reasonable description of the consolidant distribution after vacuum impregnation.

As the B72-toluene replications were used to assess the degree of wood variability, the fact that the B72-toluene was significantly different from the others deserves some discussion.  One hypothesis is that the low polarity (and resulting hydrophobicity) of toluene is responsible for the lower variation within the B72-toluene samples as well as the lower and flatter distribution profile relative to the other resin/solvent combinations. Toluene is the least polar (most hydrophobic) of the four solvent systems used.  The low polarity may have been responsible for decreased interaction with the polar (hydrophilic) wood surface relative to the other treatments and affected the consolidant distribution in at least two ways.  The low polarity might be expected to have promoted deeper, faster and fuller penetration of the resins/solvent solution into the latewood due to decreased interaction with the cell walls during treatment.  (This effect is similar to the longer residence time a non-polar phase spends in a non-polar stationary phase in a chromatograph.)  Fuller penetration of the sample as a whole and of the latewood in particular might have resulted in less reverse migration after the vacuum impregnation due to a longer and more restricted average path as the solvent leaves.  Also, by not interacting with the wood surface, the toluene-carried resin may be less affected by any chemical variation between the wood samples.  Resin distribution may have been more influenced by gross morphology, which may be more homogenous than surface chemistry.  In any case, it seems likely that this system would be the least influenced by wood variation and therefore may not have been the optimum choice for studying the effect of wood variability.  Lower variability of the B72-toluene treatment was not observed in the SEM study and so its appearance in this study was not anticipated. Nevertheless, the differences from the other treatments were small enough that a similar linear model still holds and it is noteworthy that the upper end of the B72-toluene data does overlap with the lower end of all three of the other treatments. Thus, while the results based on the analysis of variability in the B72-toluene samples are held to be reasonable and valid, it is recognized that the lower variability of the B72-toluene samples implies that wood variability and experimental error may be understated by those data.
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Figure 7. Linear model excluding B72-toluene data

Resin % = 47.3 – 2.4 Depth
Rsquare = 0.6

Table 6.  Analysis of variance of data excluding B72-toluene

	Analysis of Variance

	Source
	DF
	Sum of Squares
	Mean Square
	F Ratio

	Model
	1
	1484.8
	1484.9
	22.9

	Error
	15
	971.1
	64.7
	Prob>F

	C Total
	16
	2455.8
	
	0.0002


Results relative to SEM study

Comparison of the results of this study with those of the SEM study is the best way to ascertain the value of the techniques used in this study.  The results presented here support the conclusion of the SEM study that reverse migration of consolidant is largely responsible for the consolidant distribution observed.  As in the SEM study, the resin loading was found to be higher near the ends, decreasing with depth.  Although not quantified here, higher loading toward the radial and tangential surfaces, as seen in the SEM study, was also noted.  Likewise, lower loading in the latewood was apparent in many cases but could not be accurately quantified.  The longitudinal gradients in the SEM study were too variable to establish a definite equation for the relationship between depth and resin%.  The present study found a much smoother and more linear relationship.  The portions of the samples closer than 3.5 mm to the ends (which could not be looked at in the SEM study) were found to have loadings generally consistent with a continued linear gradient.  Although the present study used fewer replications for each treatment, the overall area of wood evaluated was much larger.  Two factors are likely responsible for the generally smoother and more linear data.  One is the increased area sampled at each depth, and the other is the fact that the present study calculated the resin volume from a direct measurement of the resin visible.  The two-dimensional area of the resin, which is proportional to the three-dimensional measurement of volume, is an inherently more accurate measure than a count of resin-filled cells.

A convenient method of making general comparisons between the two techniques is to look at the means for each treatment.  The mean resin% for all four treatments was higher in the present study than the loading found in the SEM study (Table 7).  The image analysis technique found from 1.6 to 2.3 times the resin found in the SEM study.  The higher loading found in the sub-3.5 mm depth in the image analysis technique was one factor.  The fact that the image analysis technique also counted resin apparent in ray cells, resin canals and latewood cells, which were not counted in the SEM study, certainly contributed as well.  The magnitudes of these factors were not assessed.

The ranking of the resin% from highest (1) to lowest (4) for both techniques is shown in Table 7.  The SEM and image analysis methods agreed in their rankings of both the highest and lowest-ranked treatments but differed in the order of the two middle-ranked treatments.  This difference is perhaps not very significant, as the two middle-ranked treatments were quite close in the case of the image analysis results.  B98-ethanol/toluene had the highest loading in both studies and B72-toluene had the lowest loading in both studies.  The high B98-ethanol/toluene values in the SEM study are almost certainly due to that treatment’s high sleeve/plug ratio (Table 8).  As sleeves, which occupied only part of the cell lumen, and plugs, which occupied the entire lumen, were counted equally, the high number of sleeves meant that the SEM study overestimated the amount of resin present.

The sleeve-to-plug ratio probably influenced the image analysis results as well. At the magnification and resolution utilized, the edges of the resin, that is, the outer resin/cell wall boundary and the central void in the case of the sleeves, were not sharply resolved, certainly not as sharply as in the SEM. The “fuzziness” in these edge areas likely caused some overstating of the amount of resin in the sleeves due to their greater overall edge-to-area ratio. This effect, however, can reasonably be expected to be less than the overstatement in the SEM results.

For the two B98 treatments, the sleeves/plugs ratios were clearly correlated with resin% in both studies. B98-ethanol/toluene had a higher resin% in both studies than B98-ethanol (Table 7) and a higher sleeves/plugs ratio (Table 8).

For the two B72 treatments, the relationship between resin% and the sleeve/plug ratio was reversed.  B72-acetone had a higher resin% in both studies (Table 7) than B72-toluene, but a lower sleeves/plugs ratio (Table 8).  This relationship is not as definite as for B98 since both the resin% figures and sleeves/plugs ratios were closer than for B98.  A possible explanation stems from the solvent polarity hypothesis mentioned above.  The lower polarity of toluene may have afforded better penetration into the latewood cells.  Higher loading in the latewood could have lowered the overall detection of the resin in the B72-toluene treatment.  In the SEM study, no resin in the latewood was counted and thus higher deposition in the latewood would have gone undetected and produced correspondingly lower deposition in the studied earlywood.

Table 7. Comparison of means of Image Analysis and SEM techniques

	Technique
	Image Analysis
	SEM
	

	Treatment
	Mean Resin

(% of total area) 
	Rank
	Mean Resin

(% cells with resin)
	Rank
	IA/SEM ratio

	B72-ac
	30.8
	2
	13.2
	3
	2.3

	B72-tol
	16.7
	4
	10.7
	4
	1.6

	B98-etoh/tol
	37.5
	1
	22.1
	1
	1.7

	B98-etoh
	30.4
	3
	17.6
	2
	1.7


Table 8. Percentages of solid “plugs” and hollow “sleeves” from the SEM technique

 (depths from 3.5 to 21 mm)

	
	Resin form (center + edge*)

	Treatment
	% plugs
	% sleeves
	Slvs/ plugs
	Rank

	B72-ac
	6.7
	6.6
	1.0
	4

	B72-tol
	4.5
	6.2
	1.4
	3

	B98-etoh/tol
	1.4
	20.7
	14.8
	1

	B98-etoh
	2.6
	15.0
	5.8
	2


* Average of equal numbers of images from the center of the sample and from the outer portion 

Conclusions

This study demonstrated that the combination of microtomy, light microscopy, suitable staining, digital imaging and image analysis is a useful and efficient method for differentiating and quantifying the sort of resins used as consolidants in the conservation of deteriorated wood.  Questions posed, and limitations presented by, earlier work in the series were successfully addressed.  Microtomy was able to provide sections much closer to the free end of the samples than was possible with the fracturing technique.  Latewood was more easily observed than in the broken SEM sections, although still with difficulty.  Image analysis of light microscope images allowed the quantification of larger areas faster than the manual tabulation of SEM images.  The color differences utilized with the light microscope images provided an advantage over monochrome SEM images.  At least at the magnifications employed, however, the light microscope provided no advantage over the SEM in locating any small amounts of resin in the form of a thin coating on cell walls.

As the results of the present study generally concurred with the earlier results, but were somewhat smoother and closer to the theoretical loadings, the method may be more accurate.  A larger sample set is necessary to confirm this hypothesis.

Despite the general success of the method, there were aspects of digital imaging that presented difficulties. Although very fast once automated, method development was time-consuming. One of the drawbacks of the image analysis package used for this study was the difficulty of compensating for uneven illumination.  Image analysis software has improved slowly but steadily in recent years and the ability to analyze an image and automatically correct for uneven illumination is now a standard feature in many packages.  High-quality input, i.e., accurate color and high spatial resolution, proved critical for successful image analysis.  The 24-bit color used here proved adequate, but higher bit-depth color might have improved the segmentation process. The theoretical resolution available from the light microscope could not be fully utilized because of limitations in the digital portion of the process, such as camera resolution, framegrabber and film scanner resolution limits and image file size. A major drawback to the efficient extraction of data from digitized images is the continuing lack of integration of the many necessary image-handling functions in a single piece of software.  This study had to draw on a frustratingly large number of image-handling applications for image acquisition, drawing, editing, cataloging and archiving, graphing and image analysis.

Future work

Consolidant Location

A number of issues pertaining to consolidant location remain unresolved.  The mechanism of plug and sleeve formation is still unknown.  Important aspects of the physical component of consolidant distribution, i.e. reverse migration, are at least partially understood.  Specific physical questions, such as how resin gets channeled to certain cells or areas preferentially, whether the deposition occurs primarily during the inflow or pressurized portion of treatment or the outflow or expansion period are all unknown and await further study.  Closer examination of the overlapping tracheid end walls might reveal preferential concentration of resin on either the inner or outer side of the boundary and help answer the inflow-or-outflow question.  Features observed in the resin, which appear to be the ends of bubbles, invite further investigation into the possible role of bubble formation in determining consolidant location. Chemical aspects, such as whether extractives or other cell components play a role in precipitating the resin are also still unknown. The distribution with respect to the radial and tangential surfaces could be more closely studied. It is possible to determine the X, Y position of each bit of resin and thus its relationship to the radial and tangential surfaces.

The role of rays and resin canals has not been addressed.  It was noted that both rays and resin canals often had polymer in them.  This polymer was counted in the analysis but the amounts in each cell type were not determined.  Polymer in ray cells would be difficult to determine in the sections used in this study because the light path would typically go through multiple cell walls as well as any polymer, lowering the color contrast and blurring the boundaries of the polymer.  Thinner cross sections or tangential sections might prove useful in investigating consolidant in ray cells.

Comparisons with non-deteriorated wood, or other species besides Douglas-fir have yet to be made. It is easy to hypothesize that differences in the degree of deterioration of the pits, or in the degree of pit aspiration, or other differences between types of wood could affect the consolidant distribution. 

Improvements and alternatives

As a computer-based technique, digital imaging and image analysis will benefit from the ongoing improvements in the speed and performance of personal computers.  Three-dimensional reconstructions of the resin using data from large numbers of consecutive serial sections will be feasible with ordinary personal computers in the near future. Three-dimensional data covering entire cell lengths would answer questions about the location and extent of resin and bubbles within individual cells.  Increased computer power makes it feasible to calculate the X, Y position of each bit of resin, as mentioned above, making the lateral distribution as easily quantifiable as the longitudinal distribution.  High-resolution digital cameras now available can obtain images with nearly the resolution of 35mm film while bypassing the film-scanning step.

Computationally-based techniques which extend the depth of field of light microscopes by selecting only the in-focus parts of a through-focal series are now appearing.  Such techniques can obtain results from conventional light microscopes that approximate the capability of confocal microscopes, but at a much lower cost.

Improvements to the sectioning or staining methods used here are certainly possible. Thinner sections would reduce the blurring of edges that occurs when cells are not aligned perfectly normal to the section surface and improve the detection of resin in ray cells and latewood.

Microscopy and image analysis are not the only avenues that might prove useful for investigating consolidant location. Other analytical techniques might prove more efficient in analyzing polymer distribution. For example, increased resolution in infrared imaging instrumentation and the appearance of infrared focal-plane arrays offers a technique that might perform well in quantifying polymer distribution in wood.  Multi-spectral imaging techniques and improved image analysis applications, which can identify phases from such multi-dimensional data sets, would certainly be a powerful tool for this sort of analysis.

A possible method of studying size and distribution of resin would be to dissolve away the wood matrix leaving the resin.

Some of the methods used successfully in this study might even help improve consolidant location in the SEM.  Incorporating an electron-dense material within the polymer or using an electron-dense post-stain would increase contrast in the SEM, allowing the same sort of image analysis used here to work with SEM images.
Appendix I

B72-acetone composite images
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0.9 mm and 3.8 mm (top row)

6.9 mm and 10.9 mm (bottom row)

B72-toluene replication 1 composite images
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2.1 mm and 3.6 mm (top row)

6.6 mm and 11.0 mm (bottom row)

B72-toluene replication 2 composite images
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0.8 mm and 3.5 mm (top row)

7.2 mm and 10.2 (middle row)

13.3 mm (bottom row)

B72-toluene replication 3 composite images
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1.0 mm and 3.2 mm (top row)

6.7 mm and 10.5 (bottom row)

B98-ethanol/toluene replication 1 composite images
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0.8 mm and 2.1 mm (top row)

3.6 mm and 7.2 (middle row)

12.5 (bottom row)

B98-ethanol/toluene replication 2 composite images
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0.5 mm and 3.5 mm (top row)

7.4 mm and 10.2 ( (bottom row)

B98-ethanol composite images
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0.5 mm and 3.4 mm (top row)

7.1 mm and 9.9 (bottom row) 

Appendix II

Routine written in Mocha/SigmaScan scripting language to calculate resin %

4lv_CD.xfm   1/26/96 for CD images (25% gray shows up as intensity 184, 0% as 248)

H=col(1) 


;histogram values in col 1

T=total(H)


;T = total pixels

CW = col(1,2) 

 ;CW = cell wall pixels, intensity 0 (row 2)

BOR = cell(1,250)

;B = border pixels, intensity 248 (row 250) 0% gray (white)

INT_GEL = cell(1,186)
;INT_GEL = interior gelatin, intensity 184 (row 186) (25% gray)

REZ = col(1,66)

;REZ = resin pixels, intensity 64 (row 66)

NET = T - BOR 

;NET = total - border pixels

L_OVR = NET - CW - INT_GEL - REZ     ;leftover pixels are not border, int_gel or resin

CW_PC = round((CW/NET)*100,2)

;cell wall % of net pixels, rounded to 2 dec.

R_PC = round((REZ/NET)*100,2)

;R_PC = % resin pixels,                "

RHI_PC = round(((REZ+L_OVR)/NET)*100,2)
;RHI_PC = % resin + leftover total

put T into cell(3,2)               ;tot pixels in cell 3,2 (col,row)

put BOR into cell(3,3)         ;border pixels in cell 3,3

put NET into cell(3,4)          ;net pixels in cell 3,4

put CW into cell(3,5)           ;net pixels in cell 3,5

put CW_PC into cell(3,6)    ;cell wall %  in cell 3,6

put REZ into cell(3,7)          ;resin pixels in cell 3,7

put INT_GEL into cell(3,8)  ;interior gelatin pixels in cell 3,8

put R_PC into cell(3,9)        ;% resin in cell 3,9

put RHI_PC into cell(3,10)  ;HI% of resin in cell 3,10

put L_OVR into cell(3,11)    ;leftover pixels in cell 3,11

t="total pixels"                 put t into cell(2,2)

;"total" in cell 2,2

b="border pixels"             put b into cell(2,3)

;"border pixels" in cell 2,3

n="net pixels"                  put n into cell(2,4)

;"net pixels" in 2,4

cw="cell wall pixels"       put cw into cell(2,5)
;"cell wall pixels" in 2,5

cwpc="cell wall %"         put cwpc into cell(2,6)
;"cell wall %" in 2,6

res_pix="resin pixels"      put res_pix into cell(2,7)
;"resin pixels" in 2,7

d="interior gelatin"          put d into cell(2,8)

;"void pixels" in 2,8

p="% resin"                      put p into cell(2,9)

;"% resin" in 2,9

max_res="max resin %"   put max_res into cell(2,10) ;puts "max resin%" in 2,10

l="leftover"                       put l into cell(2,11)
;puts "leftover” in 2,11
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