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Implant Stability Change and
Osseointegration Speed of Immediately
Loaded Photofunctionalized Implants

Senichi Suzuki, DDS, PhD," Hiroyuki Kobayashi, MD, PhD,T and Takahiro Ogawa, DDS, PhD%

implants, the comprehensive

physicochemical and biological
effects of ultraviolet (UV)-light treat-
ment. has earned considerable interest
and attention in the fields of titanium
science, biomaterials research, and
implant therapy."® Photofunctionaliza-
tion of titanium implants increased the
bone-implant contact from 55% to
98.2%, approximating an ideal level of
100%, in an animal model.’ Conse-
quently, the strength of bone-implant
integration increases more than 3 times
at the early stage of healing.® Subsequent
in vive animal studies further revealed
the advantage of photofunctionalization
to overcome challenging conditions.
One of the studies showed that, when
the implant was 40% shorter, the
strength of bone-implant integration
decreased by 50%.” More importantly,
when 40% shorter implants were photo-
functionalized, the strength of bone-
implant integration was even greater
than that of standard-length implants.

P hotofunctionalization of titanium
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Objectives: This study evaluated
the degree and rate of implant
stability development for photofunc-
tionalized dental implants in hu-
mans.

Materials and Methods: Thirty-
three implants (7 patients) placed in
the maxilla and immediate loaded
were evaluated. Photofunctionaliza-
tion was performed by treating im-
plants with ultraviolet for 15 minutes
immediately  before  placement.
Implant stability was assessed by
measuring the implant stability quo-
tient (ISQ) weekly starting from
implant placement up to 3 months.
Osseointegration speed index (OSI),
defined as ISQ increase per month,
was also evaluated.

Results: The average ISQ for
photofunctionalized implants at week
6 was 78.0, which was considerably
higher than the average ISQ of 66.1,

reported in literature for various as-
received implants afier a longer
healing time of 2 to 6 months. No
stability dip was observed for photo-

functionalized implants regardless of

the initial ISQ values. The OSI for
photofunctionalized implants was
6.3 and 3.1 when their initial ISQ
was 65 to 70 and 71 to 75, respec-
tively, whereas the OSI values for as-
received implants calculated from
literature ranged from —=3.0 to 1.17
with an average of —0.10.
Conclusions: Photofunctionali-
zation accelerated and enhanced
osseointegration of dental implants,
providing novel and practical ave-
nues for further advancement in
implant  therapy. (Implant Dent
2013;22:481-490)
Key Words: ultraviolet, titanium,
superhydrophilic, hydrocarbon,
super osseointegration

Another study examined the effect of
a periimplant gap in the cottical bone.*
The presence of a perimplant gap,
equivalent to half the implant diameter,
resulted in significant reduction of the
strength of bone-implant integration by
70% compared with the implants with
cortical support. When photofunctional-
ized implants were placed in the same
gap healing, the strength of bone-
implant integration increased to the same
level of the implants with cortical sup-
port. Detailed microcomputed tomogra-
phy analysis revealed that the effect can

be explained by an enhanced osteomor-
phogenesis around photofunctionalized
implants.® There was robust osteogene-
sis around photofunctionalized implants,
which initiated at the implant interface
and rapidly spread to and connected
with the surrounding bone, whereas os-
teogenesis around untreated implants
initiated at the surface of the remote cor-
tical bone and slowly approached the
implant interface.

The mechanism underlying the
biological effects of photofunctionali-
zation includes 3 property changes on
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Type 2

16_ mm
3 (9.1%)

18 mm

11.5 mm
5 (15.2%)

10 mm
2 (6.1%)

4.3 mm

33

53-66

59.0 = 5.8

-

Type 3

19 (57.6%)

Type 1

6 (18.2%)

8 (24.2%)

23 (89.7%)

33 (100%)
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Untreated Photofunctionalized

Fig. 2. Photofunctionalization of dental implants and its visualized effects on implant surface
property. A, A photo device (TeraBeam; Affiny, Ushio, Inc.) used for photofunctionalization.
Dental implants were treated for 15 minutes immediately before implantation. B, Implants,
which were hydrophobic as received, were converted to superhydrophilic after photo-
functionalization. Photographic images of 3 pL of ddH,O droplets placed on implant surfaces
are shown. Two droplets (6 L) were sufficient to entirely cover a photofunctionalized implant.
C, Clinical images of untreated (as-received) and photofunctionalized dental implants when
they were in contact with an implant site. A hemophilic conversion of the implant surfaces is
evidently seen after photofunctionalization. The generated hemophilicity was robust enough to

soak up blood along the implant thread.

These tested implants were from a sepa-
rate group of the same type of implants
and not used for the patients. Further-
more, photofunctionalized surfaces were
confirmed by watching the patient’s
blood spiral up the implant immediately
after it was in contact with the drilled site,
as typically seen in Figure 2, C. Bone
quality was categorized as type 1, 2, 3,
or 4 during the surgery following the cri-
teria proposed by Lekholm and Zarb.*

Immediate Provisional Restoration

Full-arch acrylic resin temporary
prostheses were placed on the same
day. The prostheses were fabricated
following the manufacturer’s instruc-
tions and as described elsewhere®*’
using autopolymerizing resin (Unifast
II; GC, Tokyo. Japan) and temporary
abutments (Nobel Biocare) in the
in-house laboratory. Anterior occlusal
contacts and canine guidance during
lateral movements were preferably
established on the provisional prosthe-
ses. No cantilevers contact was given
on the provisional prostheses.

a0

T

70

Implant stability quatient (1SQ)

B85

Atplacement Atweek6

Fig. 3. The ISQ values at implant placement
and week 6 of healing plotted for photo-
functionalized implants. Note that all implants
with an initial 1SQ that was 75 or lower
showed an increase at week 6, and conse-
quently, the ISQ values at week 6 were all 75
or higher.

.|
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titanium surfaces. Photofunctionaliza-
tion converts titanium surfaces from
hydrophobic to superhydrophilic and
from electronegative to electroposi-
tive.>*>*""* In addition, titanium surfa-
ces, which are unavoidably covered by
asignificant amount of hydrocarbon dur-
ing aging, can be cleaned by photofunc-
tionalization.”>'*  Because of these
surface changes, the recruitment, attach-
ment, retention, spread, proliferation, and
the expression of functional phenotypes
of osteogenic cells are remarkably
increased.'> #1216 Among - cellular
behavior and function, this study paid
attention to the potential benefits obtained
by the enhanced attachment and retention
of the cells. Mechanical stimulation, such
as vibration of the titanium substrate, is
known to detach a large number of cells
from titanium surfaces even after the cells
are adhered.%'*'"'>'7 When an immedi-
ate loading protocol is applied to dental
implants, there is a reasonable concern
that only a limited number of remnant
cells could play a subsequent role in 0s-
seointegration. If photofunctionalization
is proven to increase cellular attachment
and retention, it may, in particular, help
improve the process of osseointegration
in immediately loaded dental implants.
Measuring implant stability at place-
ment and its subsequent change during
healing provides useful information for
monitoring the process of osseointegra-
tion, planning a loading protocol, and
evaluating various conditions of osseoin-
tegration on implant and host sides."* **
The use of implant stability quotient
(ISQ) values based on the resonance fre-
quency analysis has been extensively
reported for its reasonable reliability and
validity.”** %" Periimplant osteogenesis
consists of postsurgical reaction and
remodeling of the bone and the initiation
and progression of de nove bone forma-
tion, which are represented as a reduction
in primary stability and development of
secondary stability, respectively.” ™ The
rate of losing primary stability is known
to be faster than the development of sec-
ondary stability and, thereby, causes
a merging gap between the 2 processes
to maintain overall implant stability,
resulting in the occurrence of a stability
dip®** (Fig. 1). The stability dip, includ-
ing the progressive reduction of overall
stability when the initial stability is high.

Total stability

\ Stability dip /
Primary stabilit l

(remodeling of /

existing bone) “

- S

//Seconﬁary stability
/ {de novo bone formation)

Implant stability

Healing time

Fig. 1. A suggested mechanism of the
occurrence of stability dip in dental implants.
The total stability, as determined by the
addition of primary siability and secondary
stability, normally shows a merging gap,
which is called the stability dip. The stability
dip is considered unavoidable in current
dental implanis because the rate of losing
primary stability is faster than the develop-
ment of secondary stability.

.|

is considered difficult to eliminate with
current implants, and in fact, ISQ values
are adequately sensitive to detect the sta-
bility dip between weeks 1 and 8 after
implant placement.'”*"***=7 Because
of the stability dip. there is a principle in
clinical protocol that implants should be
kept unloaded until after the dip has
passed, which limits the application of
immediate and early loading.

Thus. an important question is
whether  photofunctionalization  is
effective in obtaining similar results in
humans compared with animal studies
and, thereby. providing clinical advan-
tages or therapeutic significance. In
particular, we hypothesized that photo-
functionalization may affect the com-
monly understood time course of
a change in implant stability because
of its capability to expedite and enhance
osseointegration as demonstrated in
animal studies. This is a perspective
cohort study to evaluate the change in
stability of photofunctionalized dental
implants placed in the edentulous max-
illa and immediately loaded during their
early healing time up to 3 months.

MATERIALS AND METHODS

Patients

Among the patients who visited
Lion Implant Center during November
2011 and March 2012 for implant
therapy and who provided consent for

documentation and public presentation
of their cases, 7 male patients were
selected consecutively for this study.
Patients were included if they were at
least 20 years old., if they complied with
oral health care instructions and neces-
sary visits, and if they showed indica-
tions for immediate loading in the
edentulous maxilla. Patients with sys-
temic or behavioral conditions that
could potentially affect bone and soft
tissue healing, such as osteoporosis,
diabetes, radiation treatment, bruxism,
or smoking, were excluded. In total, 33
implants were placed in the 7 patients.
The patient and implant information is
provided in Table 1.

Surgical Procedure and
Photofunctionalization of
Dental Implants

Standardized consultation and diag-
nostic procedures were provided to all
patients, and a treatment plan was pre-
sented and approved by the patients.
Following the routine procedures of
local anesthesia and full-thickness flap
reflection, implants were placed follow-
ing the standard surgical procedure
recommended by the manufacturer and
described in-depth elsewhere.”* Four
to 6 implants were placed per edentulous
maxilla. The implant neck was posi-
tioned at bone level. Multiunit straight
abutments or 17-degree or 30-degree
angulated abutments were used as
appropriate to correct the fixture inclina-
tion. The soft tissues were readapted and
sutured.

Implants used in this study had
a tapered root form and identical surface
microscale morphology by oxidation
(TiUnite, NobelReplace Tapered Groovy
RP; Nobel Biocare, Yorba Linda, CA).
The dimensions of the implants are
presented in Table 1. All implants were
photofunctionalized by treating with UV
light for 15 minutes using a photo device
(TeraBeam Affiny; Ushio, Inc., Tokyo,
Japan) at the chair side immediately
before implantation (Fig. 2, A). The pho-
tofunctionalization-induced change in
surface property from hydrophobic to
superhydrophilic (defined as a contact
angle of water less than 5 degrees) was
confirmed before patient visits by exam-
ining several implants for their wettabil-
ity to double-distilled water (Fig. 2. B).
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2 times higher than that in [SQi 71 to 75
group. The OSI for ISQi 71 1o 75 group
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Implant Stability Measurement and

placement (ISQi) and during the heal-
Osseointegration Speed Index

ing period with a l-week interval up

Furthermore, the rate of establishing

Table 2. |
== implant stability was evaluated by the

was 3.1 = 1.2, Implant stability was evaluated by 15 1] weeks using Osstell ISQ osseointegration speed index (OSI)
measuring  the ISQ at implant (Osstell AB, Gothenburg, Sweden). defined as an ISQ increase per month,
Effect of Bone Type and Implant Length that is, ([ISQ at week 6] — [ISQi])/1.5.
- N N S i To find potential specificity orexclu s
E?:‘Y(g ?gg . 12 g;? B ;g ig \ 13* 213 "+ ?g sivity of the effect of photofunctionaliza @ kel Statistical Analysis
=76 ?8-5 : 1'5 ?‘8.1 : 2-1 __0-3 : QIH ’ N_,:\ ; tion, ISQ wvalues were analyzed in = The effect of healing time on ISQ
Implams were dvided imc 3 greups depending on the inftllsl 1SG value at Implant placement. This 1able shows mean 150 values a1 dlffﬁl’en( bone. '(}"pGS. At an]-ant Plai‘i‘- Q 78 P % A% va]ue§ WI:lS evaluate.d b)" ANOVA‘ P <
irnp!u;ﬂ plcement and wesk & [x;sliln;ﬂnn:;llidh a wall as Ith‘!SO thange behwesn the 2 r:n.'(z |'xnin|:; frw-each group. ;Il'lhurn'u')n':. ment, l-SQ-i ﬂig“i[icmll-]}' varied “’ilh bone E - % y"f‘:—-—::__ ; 0‘05 Indlcated Statlst.}cal' Slgnlﬁcance'
gé;;’:fe} :::;;Ut[;l;iii\;‘::;i!g}l;?: 2:95!22; {l}cl'*;lra': months (B wesks) is shown as the OS1 value. The 180 change was sianificant and ly-P,L. {Tabh: ’;)_ T'l'll’.'_', [SQ \"'B.]ll(_',ﬁ WOere Rig-' °© 76 m When the effec_t \‘Vas Slgnlﬁcant_ f!,[r[]’]e]‘
P < 007, swtisicaly signfican changa benween 2 fimé pois. nificantly lower for the type 2 and 3 § - /..--‘" post hoc analysis of Bonfenoql was
m(,nnig gglé?g;ble; 1S, Inltlal [SC a1 implant placemant; 051, ossecintegration speed Indax = IS0 Increase per month .g‘—{‘"-ll')Si I]’IHII for the l-)’]“'- 1 group al PIHL:'L‘-- : / p GI'fOI'lTICd to comparc the ISQ] Wlth
) . o ment. The interbone type difference £ . the ISQ at each of the subsequent time
starting (rom the implant placementupto 65 to 70 groups. A significant ISQ  pecame insignificant at week 6, indicat- E points. The ISQ values were compared
1Tth week were plotied in aline graph for — increase compared withISQi was found  jno  that  photofunctionalization was % 70 among implants with different lengths
cach group (Fig. 4). When the ISQi val-  starting at week 2 and continued until  effective in increasing the stability of im- E using ANOVA. Furthermore, the effect
ues was 65 to 70, the ISQ line graph week 11, except at week 3. Compared plants with lower initial ISQ in the type 2 = 88 l of different bone types where implants
showed a rapid and continuous increase  with ISQi, subsequent ISQ values did 5,43 groups. Next, ISQ values were ana- = were placed was evaluated.
up to week 6, followed by the plateau at  not show a significant decrease orasig-  yzed depending on the implant length 0 2 4 6 8 10
the increased level (Fig. 4, A). ANOVA nificant dip throughout the healing (Table 4). The ISQi was not different A Healing time (week) RS
showed a statistically significant effectof  period. In contrast with these 2 results,  petween “<11.5 mm” and “=13-mm”
healing time on the ISQ values (P <= there was no tine-dependent [SQ groups. Although I8Q increased in both 18Qi'71-75 iRt Dinenaions and Bone-Type
0.05). The post hoc analysis showed that increase, decrease, or dip when the ISQi groups at week 6, there was no difference R The diameter of all implants usedin
the ISQ values at week 3 and after week 3 was 76 or higher (Fig. 4, C). The mean  petween the 2 groups, indicating the even G 9 this study was 4.3 mm, whereas their
were significantly higher than the ISQi,  15Q values remained higher than 76  effect of photofunctionalization regard 2 length varied: 1 3 — ‘impl T
supporting the rapid increase and subse  throughout the healing period without  jeg of the implant length. T 76 I e ofte;n (Table 1). A majority of
quent maintenance of 15Q. No significant  significant fluctuation in this group. ' i 2 snplants (STH%) Were ’ - (‘1' it
1SQ decrease was found compared with S 74 ‘mpran g P 2 :
the ISQi in the entire assessment period ; ; DISCUSSION . e = DORS, NPHENGIE, bl A
oL Oszevintegration Spead Index 2 7 18.2% implants were placed in the type
(P = 0.03). There also was no significant For each of the 1SQi 65 to 70, 1SQi By using ISQ values, this study i I and type 3 bones, respectively. There
ISQ dip (a significantly lower ISQ value 71 t0 75, and ISQi = 76 groups. change  quantitatively evaluated the level, 8 70 AT type 4 bol;e becatise thé cases
compared with neighbor time points) ip implant stability between the implant  change, and rate of osseointegration of g rictisded by wers saleomd ‘fm_
throughout the healing period (P > 0.05).  placement and week 6 was tallied in photoﬁincﬁona]jzed dental implants 5 68 immediate loading Y
Similar (o the ISQi 65 to 70 group.  Table 2. A statistically significant ISQ  under the immediate loading condition. g‘ d
when the ISQi was 71 to 75, the increase was seen in ISQ] 65 to 70 and One of the hypgﬂ]ege,g we fested was - 0 2 4 6 8 10 Change in Implant Stability
subseque_nt ISQ shqwed an increasing  [SQi71to 75 groups but not in ISQi = whether clinical effects of photofunc- B Healing time (week) Ta visualize the-overall trend of
course of change (Fig. 4, B). Although 76 group. For the significant ISQ (ionalization similar to those found in g1 change in implant stability, ISQi values
the rate of ISQ increase appeared less  changes found, the osscoinlegration  animal studies can be obtained in . 1981 =28 and the ISQ values at week 6 were
than thalt in ISQi ("{5 to 70 group becauf_se speed index (OSD) defined as the ISQ  humans. As mentioned in Introduction, _ I T individually plotted (Fig. 3). The ISQi
of the hlg.her bas_ebne, the [SQ value%% I inerease per month was calculated 4 series of animal studies demonstrated S 78 varied widely from 65 to 85, whereas
Fhf.‘- latert]_mepom_‘fs. :fppeared to be S (Table 2). The OSI in ISQi 65 t0 70 the accelerated and enhanced capability = l the ISQ values at week 6 were con-
ilar between the ISQi 71to 75 and ISQi  group was 6.3 + 0.9 and approximately  of osseointegration by photofunction- s 8 verged to the higher level. There was
alization. To compare the osseointegra- § 74 a variation in ISQ fluctuation between
tion capability of photofunctionalized T ‘the time of implant placement and week
dental implants with that of the as- 2 2, 6, an increase, no change. or a decrease,
received untreated implants, we defined a for implants with ISQi that were 77 or
and calculated the OSIL. The proposed g 7 higher. In contrast, all implants with IS-
L S OSI value represents a rate of develop- E Qi 75 or lower showed an increase at
Type 1 78.6 £2.0 770+ 00 ing implant stability standardized by o e week 6. There was a clear trend that
Type 2 741 45 782%16 =11.5 (3.6 +36 ((5H=38 healing time, providing more precise E lower the ISQi, the greater the subse-
Type 3 740 =25 782 +82 =13 76.6 £ 42 781 £ 16  and reasonable information rather than 0 2 4 6 8 10 quent ISQ increase. As a result, the
Implants wera dhided Into 3 groups depending on the bone  Implants were divided Into 2 groups depending on the Implam the use of an ISQ perse at a certain time c Heallng time {week} ISQ Values at Week 6 were an 75 or
ypa inwhich rmplants wore placed. Ths able dows mean IS0 length, This' table shows mean B0 valiies al implant placement

walies el implant pheement and wesk 8 postimplamation for
gach group. The 1SG values In type 2 and 3 grouss Increased
betwasn e placermant and wesk 6, and there were mo
significant differgnce among the 3 groups al week 6

< (05, statllatically signiicam difierence among the three 3
aroups.

Mot significant
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and wesk 8 postimplanation: e sach group,. Both: groups
showed a significart increass between (he placement and week
B of heaing. Therslote, thete was no signficant difference
between the 2 groups al week 6, indicating that phctofunction-
afization waa effecttve in Increasing 150 values regardiess of the
implant length.

Mot sigrificant betwaen tha 2 groups.

point or an ISQ increase during unde-
fined period of time and. more impor-
tantly, allowing for a comparison
among different sources of data. Table 5
lists ISQ values (rom 2 time poinis

Fig. 4. Change inimplant stability for photofunctionalized implants, evaluated by 1ISQ values at
implant placerment and subsequent healing time. Line graphs are drawn in 3 different groups
depending on the initial ISQ values at implant placement (ISQ). A, ISQi 65 -70; B, 1SQi 71 -75;
and C, ISQi = 76, *P < 0.05, **P < 0.01, statistically significant difference from the ISGi.

. ______________________________________________________________________________________|

higher.

Next. the implants were divided
into 3 groups dépending on the range of
their ISQi (ISQi 65-70. ISQi 71-75.
and ISQi = 76). and the ISQ values
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. Untreated implants
with high primary stability

Total stability

High-level
stability dip i

Photofunctionalized implants
with high primary stability

Higher total stability

Na

stability dip
Higher level of
osseointegration

85 \V

Primary stability

y=ax

Implant stability quatient (1SQ)

65

Primary stability

y=bx (b>a)

Faster osseointegration

Implant stability quatient (1SQ)

>

Healing time

Untreated implants
with low primary stability

i Low-level
stab Ty dip

Primary stability

y=a'x
(a'>a)

Implant stability quatient (1SQ)

Total stability

Healing time

Photofunctionalized implants
with low primary stability

Higher total stability

Higher level of
osseointegration

Primary stability

y=2bx
Even faster osseointegration

Implant stability quatient (ISQ)

(9]

Healing time

D Healing time

Fig. 5. Proposed mechanisms of appearance and disappearance of stability dip in schematic
description. The stability dip is anticipated for as-received untreated implants as commaonly
understood whether the primary stability is high (A) or low (C). In contrast, the stability dip is
eliminated by the use of photofunctionalization, regardiess of the degree of primary stability (B,
D), because of faster (when the primary stability is high) and even faster (when the primary
stability is low) development of secondary stability. Note that photofunctionalization did not
only expedite the rate of establishing the total stability but also increased the degree of the
total stability. Refer to the main text for detailed explanation.

|

achieve a higher level of osseointegra-
tion. The results were particularly sur-
prising because of the following 2
reasons: initial ISQ values of 65 or
higher are not expected to increase
further, as reported in literature, and
high 1SQ values were obtained after
a healing time as short as 6 weeks.
Future studies are needed to follow-up
on the subsequent change of the ISQ
values of photofunctionalized implants.
The higher level of osseointegration
may lead to better success rates and
long-term predictability of implant
therapy, which will be a very interesting
research topic in the future. Thus. the
current ISQ data and its comparison
with literature were indeed consistent
with the results obtained from animal
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studies that showed highly increased
implant fixation in the early and late
stage of healing, accelerated rate of
periimplant bone formation, and the
establishment of bone-implant contact
nearing 100%,” supporting the hypoth-
esis that photofunctionalized implants
in humans are as effective as in animal
experiments.

Discussing cases of immediate
loading and with a similar type of
implants would be of another particular
interest. A study examined the stability
change of implants loaded 1 to 9 days
after implant placement to support
a full-arch fixed bridge in the maxilla.”’
A total of 61 oxidized implants (6 or 8
implants per maxilla) were examined.
The mean ISQ. which was 60.1 = 3.6

at placement, increased to 62.8 * 1.6
after 4 months, giving an OSI of 0.68.
Another study evaluated implants
placed in the partially edentulous max-
illa and loaded 0 to 16 days after place-
ment.** A total of 53 oxidized implants
(16 for single tooth replacement and 37
for partial fixed bridges) were exam-
ined. The initial ISQ of 63.3 = 6.1
slightly increased to 64.3 * 5.3 after 3
months, giving an OSI of 0.33. Again,
there is a general understanding regard-
ing ISQ values that the lower the initial
value the more increase is expected dur-
ing the subsequent healing. Despite the
initial ISQ being higher than these stud-
ies, OSI values obtained at week 6 in
this study were remarkably greater.
Knowing that these studies were carried
out under a similar clinical protocol and
host conditions to this study and with
the implant texture being identical to an
oxidized surface used in this study, the
current results may genuinely demon-
strate the effect of photofunctionaliza-
tion in enabling a faster and more
complete process of osseointegration.
As mentioned in Introduction, the clin-
ical benefit of photofunctionalization
was particularly anticipated in such
early/immediate loading cases because
of the increased attachment and reten-
tion of osteogenic cells, which indeed
has been proven by the quantitative
assessment of implant stability.
Another important result of this
study was the elimination of the stabil-
ity dip or significant decrease of total
stability throughout the healing period
for photofunctionalized implants. High
initial ISQ values of approximately 70
to 80 are bound to show a typical dip
during the subsequent healing period
or, if not a typical dip, a decrease and
remain at the decreased level.'”*!-293>47
In this study, as shown in Table 2 and
Figure 4, C, implants with very high
initial ISQs (higher than 78) did not
experience a stability dip or significant
decrease during the healing period, pro-
viding the compelling evidence to sup-
port immediate loading. Together with
the rapid ISQ increase observed in the
implants with lower initial ISQ, the cur-
rent results will help explore a new
strategy for early or immediate loading
protocols. On the basis of the current
results on ISQ dynamics combined with
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Table 5.

TiUnite'®t

TiUnite®

Tilnite®
SLA™ (sandblasted, acid-etched)t

SLA®

SLAY

SLAMY

SLAEG

3l Active™® (sandblasted, acid-etched,
chemically modificd)

Impladent®” (sandblasted, acid and
alkall treated)

SPI** (sandblasted, acid etchied)
TiOblast* (sandblasted)

Pholofunctionalized surface
(TlUnite, oxidized)

628 = 1.6

0.68

Immediate/earty loading

maxilla
Immediate/earfy loading  63.3 + 6.1 643 + 5.3 3 0.33

maxilla
Includes GBR and 68.0 63.0 3 1.67

extraction sockel
Anterior maxilla b8+ 47 609 =43 8 0.4
Grafted anterior maxllla  61.5 +90 60.2 =69 6 -0.2
Greafted anterior maxila ~ 61.9 = 6.6  63.5 = 5.7 (& 0.26
ISQI 65-69 3 1.8
ISGQi = 70 < -3.0
Anterior maxilla 69.4 x93 734066 3.4 1.17
Posterior maxila 699 +856 744 +69 4 1.12
Type 1 bone 628 = /2 B0.7 = 3.6 C =07
Mandhle 60.0 62.7 2.5 1.1
Mandible 85.5 =55 628 54 1.5 -1.8
Mandible 64.2 =50 641 %35 1.5 —0.06
I1SQi 68-72 02+ n 5= 13 5 0.52
15Q1 = 72 6.7 =31 74.8 =13 25 -0.76
Type @ bone 7386+ 58 74854 2 0.6
Type 4 bone 68.9 - 43 699 43 2 0.561
Maxilla B2 %51 639 £ 5.5 B 0.2¢
Grafted maxilla 60.7 = 6.1 61.4 =5.2 6 0.2
Immediate loading,

maxilia '

1S, 65-70 BB 5 TT.5 =+ 14 15 6.3

1SQi, 71-75 T8 788 =23 1.5 34

Iha 180 change during healing ard calculated OB1 are compared between unfrealed implants in Merature and phototunctionalized implants. Note that 1he O3 values for photolunclionalized Implans are
censiderably higher fhan those fron erature, Inaddition. the IS0 values achigvabla al wesk 6 ot healing (1.5-morth healing) in photcluncicnalized irrglants are higher than thosea inany untreated implants

@ven after longer healing time.

*Some data were cbtained atlcading, whereas some ot préscheduled foliow-up time points,

tWalues were read from the gragh

JData wera provided only for 180 difference betwaen tha Implant placement and 3-month folow-up.

ISCE, Iovitial IR0 al irplant placernent; O8I pescointegeation speed Index = 180 increase par mionth.

along with the caleulated OSTin the lit-
erature, & 192034 374146 The OKT values
from this study are also listed at the bot-
tom of the table. Because the initial ISQ
values were all higher than 65 in this
study, we focused on the publications
dealing with initial ISQ values higher
than around 60 and at the same time,
with data availability at least 2 time
points. The following were the 3 major
findings (T'able 5): (1) a greater increase
between the initial and secondary ISQ
values in photofunctionalized implants
than in literature: (2) the majority of
OSI in literature was lower than 1.0
and the OSI of photofunctionalized im-
plants was notably higher than those in
literature; and (3) the ISQ values al

secondary fime points obtained in this
study between 77.5 and 78.1 were high-
er than any values in lileralure, even
within a shorter healing time of 1.5
months.

The ISQ values are known to
increase when the initial ISQ is lower
than 60, whereas [SQ values mostly stay
unchanged or decrease when the initial
1SQ is higher than 60.'%*120357 Thig
common understanding can be reaf
firmed from the dafa in literature listed
in Table 5. showing OSI of lower than
1.0 or even in the negative range below
0. In thisregard, the OSI of 6.3 when the
initial ISQ was 65 to 70 and the OSI of
3.1 even when the mitial ISQ was 71 {o
75 obtained in this study should be

considered remarkable. In fact, the
caleulated OST for all as-received con-
ventional implants in Table 5 ranged
from =3.0 (o 1.17, with an average of
—0.10. If only data with their initial
ISQ being in a similar range to this study
(65-75) are selected, the OSI ranged
from —1.8 to 1.17 with an average of
0.21. In both cases, the OSI values in
literature were substantially low.
Although any interpretation should
be carefully made because of the differ
ences in macroscopic design and sur-
face morphology among implants,
considerably high ISQ values obtained
in this study at week 6 may imply the
advantage of photofunctionalization to
not only expedite the process but also
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indirectly, in the products or informa-
tion listed in the article.
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the common understanding on how the
stability dip appears, we propose
a mechanism underlying the disappear-
ance of the stability dip by the use of
photofunctionalized implants (Fig. 3).
There are 2 scenarios to explain the phe-
nomenon of stability dip, depending on
the level of primary stability. The no

tions applied to construct the mecha

nism were as follows: (1) OSl for
photofunctionalized implants was con

siderably higher than untreated im

plants reported in literature, which led
to a rapid and steep secondary stability
curve slope during the early healing
period; (2) regardless of the use of pho-
tofunctionalization, implants with
lower initial ISQ values tend to show
higher OST as understood commonly;
(3) in this study, an OSI with an initial
ISQ of 65 to 70 was, in fact, 2 times
greater than an OSI with an mitial 1SQ
of 71 to 75; (4) not only the rate of
implant stability bul also the final level
was increased by photofunctionaliza-
tion, which indicates that the level of
secondary stability could be higher with
photofunctionalized implants than con-
ventional implants; and (5) the rate of
losing primary stability is assumed to be
the same with or without photofunc-
tionalization. Tn Figure 5, A and C,
high-level and low-level stability dips
unavoidably take place in untreated
conventional implants because of the
quicker loss of primary stability than
the development of secondary stability.
The rate of secondary stability estab-
lishment. which is faster in Figure 5, C
than in Figure 5, A, as indicated by “a’
> a,” is unlikely to help eliminate the
stability dip. In contrast. because of the
early shift of the secondary stability
curve, as indicated by “b > «.” the sta-
bility dip is effectively eliminated in
photofunctionalized implants (Fig. 5.
B). The increased level of total stability
by the increased degree of secondary
stability should not be overlooked. In
addition, because of further increased
rate in the secondary stability. as indi

cated by “y = 2bx,” the stability dip can
be avoided even when the primary sta-
bility was low (Fig. 5, D). We believe
that the proposed schemes will help
understand how the overall anchorage
of photofunctionalized implants is
uniquely established and provide

anovel platformto build a new strategy
for future clinical protocels and the
development of implant surfaces.

Although the interpretation should
be limited (o the results obtained during
the initial period of osseointegration of
up to 3 months, the quantitalive analysis
of implant stability by the consecutive
measurement of 1SQ values in a cohort
design may have provided an invaluable
data set to demonstrate the expedited and
enhanced process of osseointegration in
photofunctionalized dental implants and
warrants further clinical studies to estab-
lish photofunctionalization as an effec-
tive measure to improve the current
implant dentistry in mwmltiple aspects.
Photofunctionalization is a simple. prac-
tical, chair-side treatment of dental im-
plants that requires only 15 minutes and
has proven effective on all surface top-
ographies of (itanium-based materials
tested, implying the versatile applicabil-
ity in a wide range of dental and
orthopedic implants.>** * If future sur-
face technologies are anticipated to
expand the indications of implant ther-
apy, shorten the healing time, increase
the success rate for compromised bone
conditions, and explore minimally inva-
sive approaches, photofunctionalization
as presented here may provide a novel
insight and a practical avenue to pursue
those goals. Finally, the application of
photofunctionalization should not be
restricted fo use in dental implants.
Orthopedic implants face many. long-
unsolved challenges. Photofunctionali-
zation can be applied regardless of the
shape and' size of implants. Various
orthopedic implants, including but not
limited to spine screws. femoral stem.
knee joint implants, plates, and pins.
can potentially be enhanced for their
osteoconduction.

CONCLUSIONS

This study reports a quantitative
evaluation of the effect of photofunction:
alization on clinical perfommance, specif-
ically osseointegration capability. of
dental implants. Photofunctionalization
was conducted by treating implants with
UV light for 15 minutes. The generation
of superhydrophilicity and hemophilicity
was confirmed afler photofunctionaliza-
tion. The osseomtegration capability of

photofunctionalized implants placed in
the maxilla and immediately loaded was
assessed by conseculive measurements
of ISQ during the early stage of healing
up to 3 months along with the rate of ISQ
increase per month, defined as the OSL
Implants with their initial ISQ at place-
ment between 635 and 70 showed a rapid
and robust ISQ increase during the sub:
sequent healing period. Implants with
their initial ISQ between 71 and 75 also
showed a rapid and significant increase.
Implants with their initial ISQ of 76 or
greater maintained a high level of ISQ
throughout the healing period without
showing any drop or progressive
decrease in ISQ. Regardless of the initial
ISQ. ISQ values were 75 or greater for all

implants by week 6. The ISQ al weck 6

for photofunctionalized implants ranged
from77.5t0 78.1 withan average of 78.0,
whereas ISQ values aflera longer healing
period (mostly 2-6 months) observed in
literature ranged between 60.2 and 74.8
with an average of 66.1. The OSI was
considerably high for photofunctional-
ized implants (6.3 for implants with an
initial ISQ of 65-70 and 3.1 for implants
with an initial ISQ of 71-75) than
for untreated conventional implants in
literature ranging from —3.0 to 1.17 with
an average of —0.10. In conclusion,
photofunctionalization resulted in the
acceleration and enhancement of
osseointegration in commercial dental
implants. Asaresult, the rate of establish-
ing implant stability was substantially
increased when initial stability was rela-
tively low. When the initial stability was
relatively high, the ISQ was maintained

at a high value, eliminating the com-

monly accepted phenomenon of the sta-
bility dip. In both instances, the level of
stability that implants may experience
was considerably increased. These re-
sults imply that photofunctionalization
may provide a novel and practical possi-
bility to further advance implant therapy
for its expanded indications, shortened
healing time. improved predictability in
challenging cases. and the exploration
of minimally invasive approaches during
the treatment.
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